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SUMMARY

This thesis studies higher-order material properties* and effects in van der Waals crys-
tals, such as anisotropic Young’s modulus, magnetostriction, and non-trivial thermal
expansion effects near magnetic and electronic phase transitions, that can affect the
nanomechanical motion of multilayer two-dimensional (2D) material membranes. These
couplings make the motion of nanomechanical resonators a useful and universal tool to
probe 2D material properties that are often hard to access otherwise. The thesis consists
of four parts.

In Part I, the methods to fabricate and probe the nanomechanical properties of van
der Waals materials membranes are described. Chapter 2 discusses the typical workflow
of the fabrication and characterization of 2D material membranes. Chapter 3 of this part
presents experimental techniques for 2D material membranes: the static methods that
involve force-indentation Atomic Force Microscopy and pressure-induced membrane
deflection methods, and the dynamic methods that involve laser interferometry tech-
nique and controllable electrostatic deflection.

In Part II, the experiments focus on probing of elastic properties of 2D materials, such
as Young’s modulus. In Chapter 4, the fabrication and characterization of membrane ar-
rays made of stacked bilayer graphene are described, together with the application of
these for highly sensitive pressure sensors. Chapter 5 presents the isolation and charac-
terization of a new 2D material, orpiment. It also describes methods for mechanically
probing its anisotropic Young’s modulus.

Part III describes mechanisms of coupling the membrane mechanical motion to the
magnetic phase of the material. The mechanism that is mainly responsible for this cou-
pling has a thermodynamic nature and is related to the changes in the material’s spe-
cific heat and entropy, described in Chapter 6, together with experimental evidence uti-
lizing membranes of FePS3, MnPS3, and NiPS3. In Chapter 7, two spatially separated
membranes of FePS3 and MnPS3 are shown to exchange mechanical energy and thus
strongly couple. Also, the effect of phase transitions in these compounds on coupling
strength is discussed. In Chapter 8, the antiferromagnetic membranes of van der Waals
metal-organic frameworks are studied with the laser interferometry nanomechanical
technique. Signatures of strong coupling of magnetism to motion are observed in these
membranes. Chapter 9 reports the detection and tuning of ferromagnetic Curie temper-
ature in Cr2Ge2Te6 heterostructures.

Part IV of the thesis provides an outlook to the experiments that are still in an early
stage, yet might potentially have a high impact in the fields of nanomechanics and 2D
materials. Chapter 10 reports the large mechanical anisotropy in rectangular membranes
of CoPS3 and FePS3 that arises as the material is cooled through the antiferromagnetic
Néel temperature. This effect is believed to be present due to the appearance of sponta-

*Which are variable as a nonlinear function of temperature, crystalline orientation or strain.
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neous magnetostriction at the TN, and related to the magnetic order parameter. This
thesis proposes a method of using this effect to study the order parameter, solely by
mechanical means. In Chapter 11, the relation between the characteristic thermal re-
laxation time constant and thermoelastic damping of antiferromagnetic membranes is
studied. Finally, in Chapter 12, few examples of applying the laser interferometry method
to detect phase transition temperatures in compounds with electronic phase transitions
are discussed.



SAMENVATTING

Dit proefschrift behandelt hogere-orde materiaaleigenschappen† en effecten in van der
Waalskristallen, zoals een anisotrope elasticiteitsmodulus, magnetostrictie en niet-triviale
thermische expansie-effecten nabij magnetische en elektronische fase-overgangen, die
invloed kunnen hebben op de nanomechanische beweging van meerlaagse membranen
vervaardigd van tweedimensionale (2D) materialen. Deze koppelingen maken de bewe-
ging van nanomechanische resonatoren tot een praktisch en universeel middel voor het
bepalen van 2D materiaaleigenschappen die doorgaans moeilijk te bestuderen zijn op
een andere manier. Dit proefschrift bestaat uit vier delen.

In deel I staan methoden beschreven om van der Waals membranen te fabriceren en
hun nanomechanische eigenschappen te bepalen. Hoofdstuk 2 bespreekt het typische
stappenplan voor fabricatie en karakterisering van membranen vervaardigd van 2D ma-
terialen. Hoofdstuk 3 van dit deel beschrijft experimentele technieken voor membranen
van 2D materialen: de statische methodes die het membraan indrukken door het uit-
oefenen van kracht met een atoomkrachtmicroscoop (AFM), of laten doorbuigen onder
invloed van een drukverschil, als ook de dynamische methodes die laser interferometrie
en gecontroleerde elektrostatische doorbuiging benutten.

In deel II focussen de experimenten op de bepaling van elastische eigenschappen
van 2D materialen, zoals de elasticiteitsmodulus. In Hoofdstuk 4 wordt de fabricatie
en karakterisering beschreven van reeksen membranen vervaardigd van meerlaags graf-
een, en wordt dieper ingegaan op hun toepassing als uitzonderlijk gevoelige druksenso-
ren. Hoofdstuk 5 gaat in op de isolatie en karakterisering van een nieuw 2D materiaal,
orpiment. Verder worden methodes beschreven voor het bepalen van zijn anisotrope
elasticiteitsmodulus.

Deel III beschrijft koppelingsmechanismen tussen de mechanische beweging van
het membraan en de magnetische fase van het materiaal. Het mechanisme dat voorna-
melijk verantwoordelijk is voor deze koppeling is thermodynamisch van aard en is gere-
lateerd aan de veranderingen in de specifieke warmte en entropie van het materiaal, en
is beschreven in hoofdstuk 6, samen met experimenteel bewijs aan de hand van mem-
branen van FePS3, MnPS3, en NiPS3. In hoofdstuk 7 wordt getoond dat twee ruimtelijk
gescheiden antiferromagnetische membranen van FePS3 en MnPS3 mechanische ener-
gie uitwisselen en dus sterk koppelen. Daarnaast wordt het effect van fase-overgangen
in deze materialen op de sterkte van de koppeling besproken. In hoofdstuk 8 worden
antiferromagnetische membranen gemaakt met van der Waals metaal-organische raam-
werken bestudeerd door middel van de laser interferometrische nanomechanische tech-
niek. We zien aanwijzingen voor sterke koppeling tussen magnetisme en beweging in
deze membranen. Hoofdstuk 9 beschrijft de detectie en afstemming van de ferromag-
netische Curie temperatuur in Cr2Ge2Te6 heterostructuren.

†Dit zijn variabelen als niet-lineaire functie van temperatuur, kristalstructuur en rek.
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xiv SAMENVATTING

Deel IV van dit proefschrift geeft een vooruitzicht op experimenten die zich nog in
een vroeg stadium bevinden, maar potentieel een grote impact hebben op het gebied
van nanomechanica en 2D materialen. Hoofdstuk 10 gaat in op de grote mechanische
anisotropie in rechthoekige membranen van CoPS3 en FePS3, die ontstaat wanneer het
materiaal gekoeld wordt voorbij de antiferromagnetische Néel temperatuur. Er wordt
van uitgegaan dat dit effect ontstaat door spontane megnetostrictie bij TN, en gerela-
teerd is aan de magnetische orde parameter. In dit proefschrift wordt een methode voor-
gesteld om dit effect te gebruiken voor het bestuderen van de orde parameter, uitslui-
tend door mechanische middelen. In hoofdstuk 11 wordt de relatie tussen de karakteris-
tieke thermische tijdsconstante en thermoelastische demping van antiferromagnetische
membranen bestudeerd. Tot slot, worden in hoofdstuk 12, een aantal voorbeelden van
het gebruik van de laser interferometrie methode voor het detecteren van fasetransitie
temperaturen in materialen met elektronische fasetransities bediscussieerd.



PREFACE

Throughout the history of human development, people seemed to really care about two
things when choosing materials: strength and weight. In a nutshell, the idea always was
“it must be light, and it must be strong.” Indeed, as humanity, we always found ways to
decrease weight and increase the strength of our everyday tools. Materials are so histor-
ically important that we are even naming ages after them. In the Stone Age, we made
wheels and axes out of stone and wood. In the Bronze Age, we made swords and arrows
from bronze that were later substituted for Iron and other metal alloys that allowed us to
build guns, cannons, and eventually cities, skyscrapers, and spacecrafts.

This has pushed our development further until we reached a new era of high tech-
nologies. Then, for the last 40 years, we had something that could be called the Silicon
Age. What we care about now is not how to make a better hammer, but rather a better,
faster, cheaper and smarter phone, of course with the best camera possible. We know ex-
actly what we need to achieve it. Now, we want extremely good sensors and tiny, smart
electronics. So small that these should be nano-scale tiny – around one-millionth of a
millimeter in size. Moreover, even at this size, they should perform better than electron-
ics that we have now or have some new, unprecedented functionality.

Of course, to make something that small and smart, we want the best materials. Most
of the nano-electronics these days are made of silicon. Silicon is good but not good
enough to satisfy our contemporary needs. We want a better processor or sensor in our
devices so badly that we are already close to reaching the limit of what conventional
silicon can do. This is one of the most significant challenges for nanotechnology and
scientists working in the field today. That is why it was so important when in 2004, we
discovered two-dimensional materials and their first of a kind - graphene.

Graphene is a layer of carbon atoms, one atom thick. It is about 200 000 times thinner
than a human hair. It is as thin as it can get for something that we can call “a material.” At
the same time, graphene is an excellent electrical and heat conductor – much better than
copper or silicon. It is also super light, in fact, likely as light it can get. It is lighter than
plastic and incredibly strong: graphene is roughly 100x stronger than steel. Just Imagine:
“1 m2 hammock made of graphene could hold a cat and yet weigh as much as one of
the cat’s whiskers‡”. And, at the same time, it would also be almost entirely transparent.
Crazy.

In some sense, we are lucky that graphene was the first, but not the only 2D material.
It came together with a family of hundreds of others. Thanks to that, we now can smartly
design stacks of these materials that show properties that are unavailable in these layers
individually. We even can look into the thinnest possible magnets that have remarkably
complex properties. Can we in the future use these for high-density memory devices?
Such questions we still have to answer.

‡From Scientifc Background on the Nobel Prize in Physics 2010, by the Class for Physics of the Royal Swedish
Academy of Sciences
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xvi PREFACE

I was lucky enough to study and work with great scientists at the University of Manch-
ester - the place where graphene was discovered - the “home of graphene.” Now, I am
near the end of my doctorate at another renowned place - the Delft University of Tech-
nology. Throughout my academic career, I had a chance to observe a small bit of the
long way that the material has to go from lab to fab. We see the perspectives of these
materials in ultrasensitive sensors, smaller computers, better “hammocks for cats,” and
many more. However, even if we say that we understand the material well, the challenge
is to get it to the industry. This is indeed a massive challenge since graphene and sili-
con seem to be quite industrially incompatible. Solving this issue may take tens of years
of work. In some sense, graphene and 2D materials can revolutionize our electronics
not because they are so good and smart, but also because their integration into produc-
tion would mean that we would rethink the long-ago established way of building our
industrial lines and fabrication processes. Perhaps, because this is what revolutions do:
overthrow the old order, in favour of a new system.

Still, the future that new materials like graphene can provide us with is worth it.
Progress is unavoidable, and eventually, we will enter a new era with a new phenom-
enally great material, after which we will be proud to name the age of our history. Even
if it will not be Graphene Age in the end but some other great substance we do not know
yet. We will continue to search until we find exactly what we need, as we shape these tiny
things for our big future.

Makars Šiškins
Delft, June 2021



1
INTRODUCTION

In this introductory chapter we summarize the current status of the research field. We
explain the motivation behind studying two-dimensional material membranes and for-
mulate the research questions of this thesis.

1
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2 1. INTRODUCTION

I N the drive of technological advancement, we are in constant need of better sensors,
smaller electronics, and memory devices. In pursuit of Moore’s Law and the growth

rate of the electronics market needs, it is increasingly difficult to manufacture functional
devices that would be distinguished for their unprecedented performance. To make
simultaneously the best and most compact electronics, people in research and devel-
opment have long been working on technologies with typical features on the nanome-
ter scale - one-millionth of a millimeter. Conventional electronics often stumbles over
material’s limitations, as going small and thin poses problems for electrical conductors
in transistors and chips, and mechanical elements in modern sensors. For example,
in membrane sensors, it is challenging to produce a membrane made of silicon or its
derivatives so thin and small that it is strong enough under stress and at the same time
has the required flexibility, maintaining its conductive and functional properties.

The field of nanomechanics deals with issues of this kind. Anticipating these prob-
lems, nanomechanics focuses on describing the mechanical properties of a wide range
of nanomaterials - from nanoparticles [1] and ultrathin complex oxides [2] to DNA [3],
trying to select those with functionally interesting or fundamentally important proper-
ties. As the name suggests, this is also a field that studies fundamental mechanical pro-
cesses happening at the nanoscale. It concerns not only the motion of nanosize particles
or deflections of ultrathin membranes but also physical and mechanical effects in nano-
resonators that vibrate with low amplitudes on the scale of nanometers and beyond.

Two-dimensional (2D) crystals are believed to be promising candidate materials to
address many material challenges in electronics and sensors due to their atomic thick-
ness. These layers do not possess a third out-of-plane dimension, as their thickness is
often defined by a single or only a few atoms. Thus these materials form perfect mem-
branes [4] and nanomechanical systems [5, 6]. This chapter will explore which prop-
erties make these 2D membranes so interesting, application-wise promising, and com-
pelling to explore.

1.1. TWO-DIMENSIONAL MATERIALS

1.1.1. GRAPHENE AND TRANSITION METAL COMPOUNDS

Graphene was the first monolayer 2D material isolated in 2004 by the Manchester group
[7]. It was obtained using a legendary micromechanical exfoliation or Scotch tape method
when the adhesive tape is used to cleave atomically thin hexagonal layers of natural
graphite bonded only by weak van der Waals forces. These layers showed many remark-
able electronic properties [8]. Graphene is an exception-material - a unique semimetal
with linear conduction and valence bands meeting at a Dirac point, ergo having a zero
bandgap. The consequence of that is the charge carriers mimic relativistic particles, be-
having as massless Dirac fermions [7, 8]. Graphene is also a system of extreme electronic
quality at room temperature, that is indicated by high electron mobility ranging from
15 000 to 200 000 cm2V−1s−1 [7, 9], and even observation of high-temperature quantum
Hall effect [10]. Consequently, these discoveries lead to the Nobel prize being awarded
to Andre Geim and Konstantin Novoselov for their pioneering work in 2010.

From the perspective of nanomechanics, we are interested in the extraordinary me-
chanical properties of graphene and other 2D materials (see Fig. 1.1). Interestingly, this
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Figure 1.1: Atomic structure of the most common two-dimensional materials. Black circles indicate carbon,
blue - phosphorus, yellow - chalcogens, red - transition metals, and violet - p-elements. Plotted using VESTA
package [11].

chemically simplest 2D structure of hexagonally arranged carbon atoms (see Fig. 1.1a,b)
is held together by exceptionally strong planar bonds. This grants graphene a remark-
ably high strength with Young’s modulus of 1 TPa and high intrinsic tensile breaking
strength of 130 GPa [12], and phenomenal thermal stability with melting point around
4000 K [13]. Arguably except for artificial 2D compound borophene (2D layer of boron)
[14, 15], this makes graphene the strongest material known in nature. It is also one of the
best known thermal conductors with thermal conductivity higher than 1800 Wm−1K−1

[16]. All these properties promise graphene wide commercial applicability in electronics
[17], batteries [18], mechanical sensors [6, 19], molecular-level precise water filtration
membranes [20], high-temperature electronics [21] and hot-electron light emitters [22].

One of the common uses of graphene is to suspend it to form membranes [4, 9,
23, 24]. Mechanically speaking, membranes of graphene are exceptional but reason-
ably well-understood [19, 23, 24]. These show quite "classical" almost isotropic me-
chanical behavior. Drawing an understandable and straightforward analogy, one can
compare a pristine graphene sheet to an extremely strong flat sheet of thin paper (see
Fig. 1.2). Pulling this sheet in one direction or the other will give the same result, i.e.,
show isotropic Young’s modulus. Deflection and resonant motion of membranes made
of such isotropic material are then independent of the crystalline orientation. However,
complex material effects, such as anisotropic Young’s modulus, can introduce such de-
pendence. The well-known 2D material with this property is black phosphorus [25] (see
Fig. 1.1c,d). Anisotropic materials, like black phosphorus, often have an armchair-like
crystalline structure (see Fig. 1.2c). By a visual assessment of a 2D layer at the atomic
scale, an analogy to a zigzag-folded sheet of paper becomes evident (see Fig. 1.2b). Such
structures are much easier to stretch in one direction than in the other. The mechani-
cal consequences of such structural anisotropy in these membranes are manifested by
the complex dynamics of vibrational modes and their resonance frequency, which now
does depend on the membrane geometry and the relative orientation of the crystal [26].
This structural feature, in combination with its electronic properties, makes materials
like black phosphorus exciting for flexible optoelectronics [27, 28] and nanomechanical
device concepts [26, 29].

The more complicated the 2D material structure gets, the more complicated its prop-
erties can become. Many materials from the transition metal dichalcogenide (TMD)



1

4 1. INTRODUCTION

Less stiff

M
ore stiff

Less stiff

M
ore stiff

Ey

Ex

Ey

Ex

Young's modulus: Ey > Ex
c d Effective Young's modulus: Ey > Ex

Folded paperBlack Phosphorus

Young's modulus: Ey = Ex
a b Young's modulus: Ey = Ex

Ey

Ex

Ey

Ex
Flat paperGraphene

Figure 1.2: Analogy for the (an-)isotropic mechanical behavior. a Crystalline structure of a monolayer
graphene. b Schematic of a flat sheet of paper. c Crystalline structure of a monolayer black phosphorus. d
Schematic of a folded sheet of paper.

family, that adapt general formula MX2 (M - metal, X - chalcogen), exhibit fascinat-
ing optoelectric properties [30, 31]. For instance, monolayers of molybdenum disulfide
and diselenide (MoS2 and MoSe2) have a direct bandgap and can be used in transis-
tors, optical emitters, and detectors [32–34]. In contrast, other 2D TMD crystals, like
tantalum disulphide TaS2, are metallic and exhibit charge density wave phases [35] and
low-temperature superconductivity [36]. Mechanical properties of these compounds are
mostly isotropic [37, 38] with Young’s modulus around 150−350 GPa [37–39], although
often having elastic anomalies near electronic phase transitions [40, 41].

Perhaps, the most exciting and the least studied 2D material family takes the MNX3

formula, where M is the metal, N the p-element, such as crystallogen or pnictogen, and X
the chalcogen. Metallic atoms that are bonded through neighboring chalcogen atoms in
these layers form hexagonal sub-latices. Many representatives of this family have mag-
netic transition metals (Fe, Mn, Ni, or Co) in these sub-latices and thus are known for
their magnetic properties [42].

1.1.2. MAGNETIC 2D MATERIALS

Magnetic compounds are one of the most recent frontiers in research of 2D materials
[42]. These atomically thin layers of magnetic van der Waals crystals provide an ideal
platform to study magnetism in 2D and open opportunities for spintronics devices, mag-
netic memory concepts and novel functional sensors [43, 44]. In reduced dimensions
long-range isotropic spin order is not stable at a finite temperature, according to the
Mermin-Wegner theorem. However, magnetic anisotropy can stabilize a magnetic phase
in 2D and protect it from thermal fluctuation [42]. This facilitated recent discovery of sta-
ble 2D Ising antiferromagnetic ordering in flakes of FePS3 [45] and ferromagnetisms in
atomically thin layers of CrI3 [46] and Cr2Ge2Te6 [47].

As a follow up of these studies, a variety of magnetic van der Waals materials with
a different type of magnetism and intra- and interlayer exchange coupling were inves-
tigated, leading to a discovery of 2D magnetism in exfoliated layers of many MX3 and
MNX3 compounds (see Table 1.1) [42–44]. The large anisotropy that stabilizes the mag-
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Material Magnetism Bulk TC Mechanical properties
theory experiments

Cr2Ge2Te6 61−68 K [47] [48] this thesis

Fe3GeTe2 205 K [49, 50] [51] —

CrBr3 35 K [52] [53] —

CrCl3 14 K [54] [53] [55]

CrI3 61 K [46] [53, 56] [55, 57]

MnPS3 78 K [58] [59, 60] this thesis

NiPS3 155 K [58] [59, 60] this thesis

CoPS3 118 K [61, 62] [63] this thesis

FePS3 114 K [58] [59, 60] this thesis

Magnetic MOFs 10−20 K [64] — [64], this thesis

Table 1.1: List of magnetic van der Waals materials with indicated inter- and intralayer type of magnetism,
transition temperature TC in bulk crystals, and literature references regarding their mechanical properties.

netic ground state in these layers often results from the low-symmetry nature of van der
Waals crystals and coupling between electronic orbitals and spins [42, 46, 61, 65]. In
some cases, these 2D compounds contain transition metal ions with the unquenched
orbital moment, bounded to the specific oxidation state of the ion, e.g., Fe2+ and Co2+,
that can facilitate the anisotropy [42] as well as coupling of its magnetic properties to lat-
tice [61]. In other materials with a quenched orbital moment in their ground state, like
those containing Ni2+, Mn2+ and Cr3+, the anisotropy originates from more intricate ef-
fects, like mixing of the magnetic ground state with higher-energy orbital states [65] and
anisotropic super-exchange interactions [42, 66].

Many challenges related to specific properties of these materials and their chemi-
cal stability in ambient conditions limit available fabrication and experimental methods
[42]. In addition to that, the majority of the most studied magnetic 2D materials have
an (anti-)ferromagnetic transition Curie temperature TC well below that of room condi-
tions (see Table 1.1). Typical experimental methods for studying the magnetic ordering
in these crystals are cryogenic optical probes, like Raman spectroscopy [45], magneto-
optic Kerr effect [46, 47], magnetic circular dichroism [57], and low-temperature charge
carrier transport techniques, like magnon-assisted tunneling [52]. However, some ma-
terials couple weakly to magnetic, optic, and electronic probes, making it challenging to
study magnetism in particular in ultrathin insulating antiferromagnets [42].
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The novel approach to probing magnetic properties of 2D materials is to utilize these
as suspended membranes that form nanomechanical resonators [5, 57, 67]. This way,
the resonant motion of such membranes could be studied using nanomechanical meth-
ods as a function of temperature, which allows relating changes in its motion near the
phase transition to the TC. The challenges here are related to the fact that knowledge on
mechanical properties of these materials, such as it Young’s modulus, is very limited, as
many of these compounds will be utilized as nanomechanical systems for the first time
in this thesis (see Table 1.1).

1.2. NANOMECHANICAL MEMBRANE RESONATORS
Nano-electromechanical systems (NEMS), as a smaller-scale successor of micro-electro-
mechanical systems (MEMS), are known as a useful tool for their potential to study
novel quantum, and electromagnetic effects at the nanoscale [68–70]. Along with that,
these are used for various applications, including ultra-sensitive mass detection [71, 72],
bandpass filters with variable properties [73], logic gates [74–76] and signal amplifiers
[77]. Many of these applications of NEMS can be enhanced by using freestanding mem-
branes of 2D materials suspended over a cavity that form nanomechanical membrane
resonators [5, 6]. Due to the combination of low mass, high strength, and their unique
properties, these 2D membranes find their use in several lines of research:

• Thermodynamics
Thermodynamic processes and heat diffusion in 2D can be supported by phononic,
electronic, and magnetic means [5]. Membranes of 2D materials help to neglect
substrate contributions to heat transport and study pure thermodynamic processes.
Understanding of these processes is needed to fully explain energy dissipation,
heat transport phenomena, and condensed matter effects in 2D [16, 78–80];

• Dynamics and nonlinear mechanics
Due to their atomic thickness, the 2D membranes in motion show signatures of
nonlinearities even at picoNewton-scale forces [81]. This results in large vibration
amplitudes [82] with a dynamic strain modulation [83], that is used for studies of
parametric excitation mechanisms, (negative) nonlinear damping [84] and mode
coupling as well as the study of material parameters such as Young’s modulus and
nonlinear spring constant [5, 81, 82, 85];

• Sensors and functional devices
Atomic thickness together with smart fabrication methodologies allows the inte-
gration of 2D materials and their heterostructures, with a wide range of magnetic,
optical, and electrical properties on the same chip [30], to novel sensors and func-
tional devices that include pressure sensors, microphones, accelerometers, and
mass and gas sensors[6];

• Condensed matter physics
Sensitivity of the resonant motion of 2D material membrane to both external and
internal forces facilitates its use as probes of phase transitions [41, 57, 67], as well
as condensed matter [5] and quantum phenomena in 2D [86].
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Emerging nanomechanical methods allow to study these research questions by uti-
lizing membrane deflection and its mechanical resonance* [5, 6]. Perhaps, the most im-
portant advantage of these techniques is an opportunity for high-precision strain ma-
nipulation and control. Strain, and thus the resonance frequency, of these 2D mem-
branes, can be tuned over an extensive range both statically [12] and dynamically [83,
89]. This facilitates control options unavailable in many other NEMS in favor of strain
engineering of different material phases and phenomena [90], and new functionalities
of 2D material sensors [6].

1.2.1. SENSORS AND FUNCTIONAL DEVICES

Unique properties of 2D materials open up broad sensing possibilities in these layers
[6]. Suspending these materials as membranes, ribbons, or bridges can double the active
surface area of the sensor, eliminate substrate interactions, utilize their thermal proper-
ties, and importantly provide the readout mechanism through its resonant motion [5,
6]. Additional processing of such membranes by various fabrication methods can al-
low novel functionality. For example, with the controlled creation of nanoscale pores in
graphene membranes, noble gases, like helium, argon, or krypton, can be distinguished
at the molecular level by measuring their permeation rate of several tens of nanoseconds
using the membrane motion (Fig. 1.3) [91].

Without pores, graphene membranes are nearly impermeable for gases [92, 93], and
thus their deflection is very susceptible to changes in atmospheric gas pressure [23]. In
fact, its deflection sensitivity† is one of the largest possible due to graphene thickness.
This facilitates the creation of pressure sensors from such membranes [6, 94–97]. How-
ever, the sensitivity of a single membrane graphene sensor is not sufficient for practical
applications [97]. Therefore, production methods are desired to fabricate nearly 10 000
membrane sensors operating in parallel, which would show a sensitivity comparable to
commercial chips [97]. This work will discuss the fabrication method for such graphene
membrane arrays and probe their elastic properties using nanomechanical methods to
ensure sufficient quality and functionality.

Figure 1.3: Molecules permeating through nanopores in laser-driven dumbbell shaped graphene membranes
[91], artistic impression.

*As also comprehensively discussed in Ph.D. theses of Dolleman, R.J. [87] and Davidovikj, D. [88]
†In nanometers per Pascal
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1.2.2. RESONATORS AS PROBES
Nanomechanical resonators are used as probes for high-frequency gas dynamics [91],
adsorption mechanisms of gases superfluids [98], quantum processes in coupled sys-
tems [69, 70, 99] and fundamental forces of nature [100]. However, all these processes
that affect the motion of the resonators are external. An interesting situation arises when
nanomechanical resonators become self-sensitive devices. Thus, observing the change
in the oscillation frequency of such resonator, one can draw conclusions about the pro-
cesses and physical phenomena occurring inside the material this resonator was made
of.

Several examples of nanomechanical resonators used as probes for condensed mat-
ter physics are found in the literature that utilize the coupling of the resonance frequency
with the elastic properties of the material [41] or with the electric field effect [86]. Thus,
it is possible to study phase transitions in charge density waves systems by exploiting
anomalies in Young’s modulus near the phase transition [41, 101], which is essentially a
nanoscale analogue of the vibrating reed method [102, 103]. In addition, by applying a
small electric field to the resonator, one can observe quantum effects [86] as well as topo-
logical phases [104] through the resonance frequency due to the modulation of chemical
potential in the low-dimensional material.

This work considers another meaningful connection between the higher-order phe-
nomena in the resonance of 2D material nanomechanical membranes and their mate-
rial properties. It can be shown that the membrane frequency depends on the phase
of the substance, for example, its magnetic state. Interestingly, this relation is a direct
consequence of Landau’s theory of second-order phase transitions [105, 106]. Before
the phase transition, in the disordered state, the order parameter is zero. In the ordered
phase, the order parameter takes a non-zero value, which changes the free energy, en-
tropy and, as a consequence, leads to a rapid rise in the specific heat at the transition
temperature. This jump affects the thermal expansion coefficient through thermody-
namic relations, reflected in the membrane’s strain and characteristically changing its
resonance frequency with the temperature change, as schematically depicted in Fig. 1.5.
It allows us to assess the applicability of this fundamental relationship between the res-
onance frequency and order parameter, allowing studies of phase transitions in material
systems that are challenging to characterize otherwise, like electrically insulating 2D lay-
ered antiferromagnets (Fig. 1.4).

Figure 1.4: Nanomechanical probe of vibrating antiferromagnetic FePS3 membrane [67], artistic impression.
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Figure 1.5: Schematic diagram indicating interrelations between mechanical and thermodynamic parameters.

1.3. DICTUM FACTUM
This thesis consists of four parts. Part I explains the fabrication of 2D material mem-
branes and formulates the nanomechanical techniques used to probe these. In Part II we
discuss 2D materials with rather notable elastic effects in mechanical properties of their
membranes. We fabricate stacked double-layer graphene membranes and probe their
superior elastic properties. We further utilize these membranes in capacitive pressure
sensors, showing their promising perspectives for commercialization. We also introduce
a new anisotropic 2D material - arsenic sulfide As2S3, which is significantly more stable
in air than black phosphorus [107, 108] and makes it possible to study its anisotropic
elastic properties in detail by using angle-resolved nanomechanical probes.

In Part III, we look at membranes with more complex, higher-order effects in their
nanomechanical motion. These effects arise when material parameters, such as ther-
mal expansion coefficient, cannot be taken as constant‡ to describe the experimental
observations since these are affected by phenomena that are complicated functions of
temperature and strain. In particular, we investigate the influence of second-order phase
transitions on the mechanical properties of 2D material membranes. First, we formulate
a direct connection between the free energy, the order parameter, and the membrane
tension. Then, we theoretically substantiate this connection and also experimentally
verify it for various phase transitions in materials of different types and origins, such as
2D layered antiferromagnets, ferromagnets, and their heterostructures. Finally, we also
discuss how mechanical dissipation, driven by thermoelastic damping mechanisms, can
affect the operation of more complex mechanical systems, such as coupled membrane
resonator pairs made of antiferromagnetic transition metal phosphor sulfides.

In Part IV, we provide an outlook for future experiments that become possible based
on our results. We discuss the preliminary experimental evidence that suggests that
these methods that can bridge many other condensed matter physics phenomena and
nanomechanical experiments: i) studies of critical behavior via spontaneous magne-
tostriction; ii) studies of thermodynamics near phase transitions in thin layers through

‡Zero-order approximation.
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the mechanism of thermoelastic damping and membrane quality factor (see Fig. 1.5);
iii) and importantly, application of the methodology to electronic second-order phase
transition systems, like charge density waves materials.



I
Part One

Methods
Chapters 2 and 3





2
FABRICATION

In this chapter, we discuss the typical workflow of the fabrication and characterization of
2D material membranes. We first present the process for fabricating the substrates with the
arrays of cavities to support freestanding membranes. Then, the 2D material mechanical
exfoliation and transfer are discussed. Lastly, we describe the characterization procedures
of suspended membranes.

13
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M EMBRANES of 2D materials are used in various applications [5], such as gas sens-
ing [91], molecular sieving [109], water filtration [20], resonant and physical sen-

sors [94, 97, 110]. Of course, the quality of the material that is forming membranes in
these cases and the corresponding fabrication workflow radically variates. For instance,
porous, rich of defects graphene oxide membranes are promising for gas sieving and fil-
tration [20, 109]. In some works, to get that functionality pristine graphene membranes
are treated with invasive tools, such as heavy-ion bombardment to distort perfect long-
range crystallinity and controllably establish pores [91]. In contrast, the same distorted
membrane then cannot be used for other applications, like pressure sensing [94, 97, 110],
or fundamental studies, like observing quantum phenomena through mechanical reso-
nance [86].

One requires fabricating pristine, flat, single-crystal membranes - as free of defects,
contamination, and irregularities as possible - to study purely mechanical phenomena
and higher-order condensed matter effects in mechanical resonance. For this reason,
some conventional methods to handle and transfer 2D materials, such as the hot pick-
up technique [111], cannot be applied to suspend any material of arbitrary choice due to
the often found high reactivity of these in air, even at relatively small temperatures above
ambient room conditions [47].

Here, we will discuss the all-dry viscoelastic method for transferring 2D materials
[112] and suspending these to form membrane resonators. This is a bottom-up fabri-
cation technique that allows the fast and deterministic transfer of 2D material flakes at
room temperature in the absence of liquids. We find this method to be the least inva-
sive and the most suitable to create pristine, high-quality membranes of the materials
discussed in this thesis.

2.1. SUBSTRATE FABRICATION
Most of the membranes discussed in this thesis are suspended and supported by silicon
dioxide (SiO2) on p++ doped silicon (Si) substrate with an array of holes of either circular
or rectangular shape etched through the SiO2. To fabricate these, we first dice a Si/SiO2

(oxide thickness: 285 nm) wafer into square pieces of about 2×2 cm2 in lateral size (un-
less specified otherwise). We then clean these chips in nitric acid (HNO3). The process
flow differs for the samples where the deposition of electrical contacts is desired to con-
tact the flake of 2D material. This feature requires additional fabrication steps that are
skipped for chips with cavities only.

To pattern the desired metallic leads for electrical contact to the sample on the chip,
we spin-coat two subsequent layers of poly(methyl methacrylate) (PMMA): 495 and 950
kDa for the bottom and the top layer, respectively. We use these layers as a mask to
pattern a specific design using electron-beam (e-beam) lithography at a dose ranging at
900−1100 µc/cm2. We then develop a resist for 90 seconds in a 1:3 solution of methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA). To ensure complete removal of the
resist, we rinse the chips for additional 90 seconds in IPA. After the development, ex-
posed substrate areas are etched using by using a reactive ion etcher (RIE) with CHF3

(50 sccm) and Ar (2.5 sccm) plasma, removing 100 nm of the 285 nm of exposed SiO2.
Then, using an electron beam evaporator, we evaporate 5 nm of titanium (Ti) and 95 nm
of either gold (Au), palladium (Pd) or gold-palladium (Au-Pd) into the etched structure.
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Figure 2.1: Schematic of the process flow for patterning Si/SiO2 substrates without electrodes. a Electron beam
(e-beam) lithography step. b Reactive ion etching (RIE) step. c Resist stripping step. d Resulting substrate.

This way, we embed the electrodes into the SiO2, minimizing the step height between the
surface of SiO2 and metal contact. The chips are then submerged in 45◦C warm acetone
for about 45 minutes for a lift-off process and rinsed in IPA.

In the consequent step, we etch holes through the 285 nm thin SiO2 layer to define
the desired array of cavities. The process for samples without electrodes typically starts
from this step. The main stages of the process are schematically depicted in Fig. 2.1.
To pattern an array of cavities in SiO2 layer of a substrate, we spin-coat CSAR 62 (AR-P
6200) resist. We pattern it using e-beam lithography with doses ranging 300-350 µC/cm2

(Fig. 2.1a). Resist is then developed, following by the etching of exposed SiO2 areas in RIE
(Fig. 2.1b). Resist is utilized as a hard mask, as the etching rate ratio between CSAR 62 and
SiO2 is about 1:2. After the process, the remaining resist is stripped in HNO3 (Fig. 2.1c)
or, in some cases, in PRS-3000. The resulting chips (Fig. 2.1d) are diced into smaller
4×4 mm2 substrates (unless specified otherwise), which are then plasma-cleaned in O2

barrel asher and prepared for 2D material transfer.
In some experiments in Chapter 7, we used a different process flow to fabricate more

intricate sample designs that involved an additional electrically insulating layer of spin-
on glass. The specific fabrication details, in this case, are explained accordingly in Chap-
ter 7 and could also be found in previous works [97, 113].

2.2. 2D MATERIAL PREPARATION
To create suspended membranes, thin pieces of van der Waals material are transferred
on a pre-patterned Si/SiO2 chip. SiO2 provides mechanical support and electrical in-
sulation between the transferred 2D material membranes and the bottom Si plate. We
use mechanical exfoliation from bulk crystals to reliably produce few-nanometer thin
monocrystalline layers of 2D materials* [114], and deterministic all-dry viscoelastic stamp-
ing to transfer these to the substrate [112]. This method is noninvasive [112] and clean
of residue (comparably to alternative techniques [111, 115]). It allows performing the 2D
material transfer at room temperature without additional chemicals and liquids, which
helps to maintain the pristine quality of fragile or chemically sensitive materials. The
absence of contact with liquids also helps to leave the suspended membranes intact,

*Apart from the fabrication of stacked double-layer graphene membranes, described Chapter 4.
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Material Crystal Origin Notable property

graphene CVD†-grown
monolayers

Applied Nanolayers
B.V.‡

High Young’s modulus
and tensile strength
[116]

As2S3 Natural bulk; Senduchen, Russia; Anisotropic Young’s
Synthetic bulk 2D Semiconductors‡ modulus [108, 117]

WSe2 Synthetic bulk 2D Semiconductors‡ High thermal expansion
coefficient [118]

FePS3, MnPS3,
NiPS3, CoPS3

Synthetic bulk University of Valencia Antiferromagnets [58,
62]

MUVs§ Synthetic bulk University of Valencia Antiferromagnets [64]

Cr2Ge2Te6 Synthetic bulk Peking University Ferromagnet [47]

TaS2, TaSe2 Synthetic bulk University of Valencia Charge density waves
[35, 119]

Table 2.1: List of van der Waals crystals used to fabricate 2D material membranes in this thesis.

as capillary forces often delaminate the transferred flakes, create cracks or collapse the
membranes to the bottom of the cavity.

In fabricating samples, we use several bulk van der Waals crystals described in Ta-
ble 2.1. Thin flakes of these materials are exfoliated using an adhesive tape method [7,
114]. We use "Nitto" and "Scotch Magic" tapes to exfoliate from natural or high-quality
synthetically grown crystals (see Table 2.1 and Fig. 2.2a) with known stoichiometry. After
few iterations, the exfoliated 2D material is transferred from the adhesive tape (Fig. 2.2b)
to the optically transparent and chemically inert polydimethylsiloxane (PDMS) stamp
on top of the microscope glass slide, which serves as rigid support (Fig. 2.2c). The tape
is then gently pressed into the PDMS stamp to release any air pockets between the two
surfaces and sharply peeled off. Viscoelastic forces between the PDMS stamp and 2D
material result in some of the thin 2D material flakes staying on the surface of the stamp
(Fig. 2.2d).

Using the reverse procedure, the PDMS stamp with the flake on its surface is turned
upside down and brought in contact with the pre-patterned substrate to transfer the
flake (Fig. 2.3a). We use micromanipulators to control the distance between the stamp
and the surface of the substrate. We also exploit the optical transparency of both the
stamp and thin 2D material flakes [112] to control the positioning of the flake over the

†Chemical Vapour Deposition [120]
‡Commercial company
§Materials of the University of Valencia, a layered coordination polymer family [64]
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Figure 2.2: Schematic of exfoliation steps and stamp preparation. a Image of the As2S3 bulk crystal. b Me-
chanical exfoliation step. c Polydimethylsiloxane (PDMS) stamp preparation step. d Viscoelastic transfer of
the flake to the stamp.
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Figure 2.3: Schematic of the all-dry viscoelastic transfer and characterization of the sample. a Viscoelastic
transfer step. Grey arrow indicates the axis of motion. b 2D material membrane suspended over a cavity in the
Si/SiO2 substrate. b Raman spectroscopy characterization step. Red ray indicates the laser beam. d Atomic
Force Microscopy (AFM) tapping mode imaging step.

etched cavities in the substrate to cover these fully and create suspended membranes
(Fig. 2.3b). The delamination of the flake is performed at a slow rate to avoid any damage
to the membrane. Using the same method, flakes can also be deterministically stacked
on top of each other forming heterostructures.

2.3. SAMPLE CHARACTERIZATION
After the membrane is fabricated, we characterize some samples using the Raman spec-
troscopy technique to confirm the quality and crystallinity of the material (Fig. 2.3c). Ra-
man spectroscopy studies are performed using a Horiba Scientific LabRAM HR system
at an excitation of either λred = 632 nm, λgreen = 514 nm, or λblue = 488 nm in a back-
scattering geometry in parallel-polarized configuration of incident and scattered light
field (ei ||es ) with a 360◦ rotational sample stage. We also perform an additional charac-
terization step for some samples by imaging these using scanning electron microscopy
(SEM) in an FEI Nova NanoSEM 450 system.

For the last step, we inspect the membranes using atomic force microscopy (AFM)
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(Fig. 2.3d). Inspection and height profile scans are performed in tapping mode on a
Bruker Dimension FastScan AFM. We typically use cantilevers with spring constants of
kc = 30−40 Nm−1. The flake thickness with a corresponding uncertainty is determined
by measuring multiple profile scans of the same flake. In Fig. 2.4, we show examples
of AFM tapping-mode images for membranes of several materials studied. As a result
of all-dry viscoelastic stamping, the suspended region of the flake is typically pristine
and free of polymer residues. Depending on various factors, such as the thickness of the
membrane, flow of the fabrication process, and the material used, these membranes can
be found sagged down, as shown in Fig. 2.4a with profile scans indicated with solid ma-
genta lines. In some cases, it also facilitates the adhesion to the sidewalls of the cavity,
shown in Fig. 2.4b, which can affect the thermal properties of the membrane [78]. How-
ever, when the fabrication nuances are optimized for the particular material, flat and
homogeneous membranes can be fabricated, similar to those shown in Fig. 2.4c and d.

Figure 2.4: Suspended membranes of a stacked double-layer graphene (see Chapter 4), b tungsten diselenide
(see Chapter 9), c iron phosphor trisulfide (see Chapter 6), and d arsenic trisulfide (see Chapter 5). Solid ma-
genta lines in (a) and (b) indicate the profile of line scans (dashed lines).

2.4. MATERIAL SELECTION
It is essential to mention the reasons why the choice of material is crucial when fabricat-
ing the samples. The materials discussed in this thesis are notable for their properties
(see Table 2.1). For example, in Chapters 6, 7, 8, 10 and 11 we discuss membranes made
from different kinds of van der Waals antiferromagnets. Each of these materials has its
characteristic fabrication subtleties that determine the quality of membranes produced,
which is important for studying high-order properties in these membrane resonators.

Different materials exfoliate in different ways, giving a characteristic geometry for
the flakes depending on the symmetry of the crystal and interlayer bonding. For ex-
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Figure 2.5: Properties of the materials from Table 2.1. a Mechanical properties of the materials [48, 59, 64, 108,
117, 121–123]. b Average degradation time of few-layer samples as determined by the appearance of visually
notable signatures of decomposition [45, 47, 64, 108]. s indicates seconds, h - hours, d - days and mo - months.

ample, the cubic lattice of the metal-organic MUV layers in Chapter 8 produces strictly
rectangular-shaped flakes of rather homogeneous thickness [64]. However, crystals such
as As2S3 and Cr2Ge2Te6 in Chapters 5 and 9, respectively, are often found in sawtooth-
shaped flakes with numerous terraces on the material’s surface [47, 108]. The mechan-
ical properties of these materials also should be taken into account. We present these
properties for the key materials used in this thesis in Fig. 2.5a. Graphene, being an atom-
ically thin 2D material, has remarkable strength and an extremely high Young’s modulus
[116], which allows it to be easily obtained and suspended as a membrane. On the other
hand, metal-organic layers of MUVs are much more flexible and brittle, which makes it
much more difficult to suspend and characterize [64].

In addition, the presented materials have very different chemical stability in the air,
as shown in Fig. 2.5b. While the FePS3 membranes in Chapter 6 can be exposed to air
atmosphere for several days [45], the TaS2 membranes in Chapter 12 degrade within a
few hours [124]. One shall take all these parameters into account in the manufacture
of 2D material membranes and, subsequently, store these in an oxygen-free low-light
environment to avoid degradation and surface oxidation.





3
EXPERIMENTAL TECHNIQUES

In this chapter, the static and dynamic methods of mechanical characterization of 2D ma-
terial membranes are described. The chapter provides basic principles of the techniques
used in this thesis, explaining which material parameters or phenomena could be probed
with each method. We discuss static deflection of membranes by point-force applied with
Atomic Force Microscopy tip and by gas pressure difference. We also describe the laser
interferometry technique that is used to probe membrane resonance frequencies at an ex-
tended temperature range.
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N ANOMECHANICAL methods [5] provide various mechanisms where two-dimensional
(2D) material membranes are used as probes for ultra-small change of mass [125,

126], thermodynamic [78, 79, 127] and electromagnetic [128] interactions, nonlinear dy-
namics [81, 85] and quantum phenomena [86]. Several readout methods, incl. transcon-
ductive [89], capacitive [97], and optical [24] mechanisms exist to probe a change in
static or dynamic deflection of the membrane arising from the interaction of this mem-
brane with internal or external effects [5]. The deflection for a unit of applied force is
mainly defined by the elastic properties of the membrane material, such as Young’s mod-
ulus and Poisson’s ratio and its strain [37]. At first assessment, this dependence looks
solely mechanical. However, thermodynamic interactions in the material and coupling
of physical phenomena to strain make nanomechanical membrane resonators a power-
ful tool to characterize condensed matter phenomena in a wide variety of materials [41,
57, 67, 124], including ultra-low in volume, atomically thin or electrically insulating so
that conventional bulk characterization methods become unsuitable [57, 67].

Several methods are used in this thesis as a tool to probe mechanical properties
of the membranes and to unambiguously relate these to material properties, such as
anisotropic stiffness, and higher-order effects, such as second-order phase transitions,
magnetostriction and thermoelastic dissipation. We group these experimental tech-
niques into static and dynamic nanomechanical methods, indicating whether the mem-
brane is probed in motion or at rest. Here, we discuss the basic principles behind each of
these methods and demonstrate their applicability in experiments. Static methods are
applied at room temperature and are mainly used to either assess or utilize the elastic
properties of the membranes in Part II and III. Dynamic methods are applied at cryo-
genic temperatures down to T = 4 K, allowing to probe strain in the membrane as a
function of temperature and electrostatic force. This way, we use thermal strain to as-
sess second-order phase transitions, such as from paramagnetic to (anti-)ferromagnetic
in suspended van der Waals crystals in Part III and IV.

3.1. STATIC NANOMECHANICAL METHODS

3.1.1. FORCE-INDENTATION ATOMIC FORCE MICROSCOPY

Force-indention Atomic Force Microscopy (AFM) method is a reliable mechanical probe
of 2D material membrane defection in response to a force applied at its center by an AFM
cantilever tip [12, 37, 129]. In our AFM setup, we fix the sample on x y piezoelectric po-
sitioning stage, as we show in Fig. 3.1a. We use AFM cantilevers of typical stiffness rang-
ing kc = 1− 32 Nm−1 in force-indentation experiments, that are placed directly above
the membrane on z-axis close-loop piezoelectric nanopositioner. We use cantilever tips
with a tip radius of ∼ 7− 10 nm, as confirmed by scanning electron microscope imag-
ing. Upon the contact with the sample the deflection of AFM cantilever is recorded in
real time by measuring reflected laser intensity from its top surface by the four-quadrant
photodiode. The generated photodiode voltage is then calibrated with the deflection of
the cantilever against the solid surface to get the deflection sensitivity in Vm−1. This way
the deflection of the cantilever ∆zc can be measured in nanometers in real time and the
cantilever stiffness kc can be calibrated from the thermal tuning procedure [130].

We characterize the suspended membranes by deflecting these from the position of
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Figure 3.1: Schematic of the force-indentation Atomic Force Microscopy (AFM) technique. a Schematic of
the AFM measurement setup. Grey arrow indicate the AFM tip movement by z-axis piezoelectric positioner.
b Trend of the force-deflection curve of Eq. 3.1. Linear and cubic part is indicated. Inset: Schematic of the
experimental principle. ∆z is the motion of the z-axis piezoelectric positioner, δ the membrane deflection, d
the membrane diameter, F the applied force, g0 the cavity depth, and k1,3 the linear and cubic spring constant.

rest, applying a force F = kc∆zc at its centre with the tip of the AFM cantilever. The
elastic deformation of the membrane δ=∆z −∆zc during the loading cycle is measured
as a difference between the motion of the z-axis piezo-positioner ∆z and the cantilever
deflection ∆zc, as shown in the inset of Fig. 3.1b. Small applied force F causes the lin-
early proportional membrane deflection δ as F ∝ k1δ. The linear spring constant of
the membrane k1 then is related to both its pre-tension and elastic material parameters.
However, at large F it is cubic in δ, as shown in Fig. 3.1b. The complete equation for a
circular membrane deflection with a point-force applied at its centre reads [12, 129]:

F = k1δ+k3δ
3 =

(
4πE

3(1−ν2)

h3

r 2

)
δ+ (πn0)δ+

(
q3Eh

r 2

)
δ3, (3.1)

where E is the Young’s modulus, ν the Poisson’s ratio and n0 the pre-tension, h the thick-
ness, r the radius, and q = 1/(1.05−0.15ν−0.16ν2) the geometry-related parameter [129].
Three terms are noted in Eq. 3.1. The first term is related to the bending stiffness and
is negligible in atomically thin membranes [12, 129]. The second term is dominated
by membrane pre-tension, that accumulates during the fabrication. The third therm
is related to nonlinear membrane stiffness. It is notable that only cubic terms are in-
dependent on pre-tension in membranes, thus the elastic material parameters can be
extracted from the nonlinear part of the experimentally measured δ, given that ν of the
material is known or calculated separately [12, 129], as we discuss in Part II of this thesis.

3.1.2. GAS PRESSURE MEMBRANE DEFLECTION
Another technique to control the static membrane deflection and probe its elastic prop-
erties is the gas pressure deflection method [6, 19, 23, 110], often referred to as a bulge
test [131]. When a membrane of 2D material fully covers a circular cavity, the gas trapped
inside of this cavity is effectively sealed at atmospheric pressure during the fabrication
[19, 23, 92, 93, 110]. Thus, when the external gas pressure outside the cavity is changed
and the gas escape time is long enough, the membrane will deflect either up or down,
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depending on the expansion or contraction of the volume of the trapped gas inside the
cavity [19, 23].

This principle is also applicable for practical purposes. Graphene membranes are
intrinsically impermeable for gases [23, 93], making circular graphene membranes ef-
fectively vacuum-proof sealed nanodrums [23, 92, 93]. In combination with large mem-
brane deflections in response to the slightest changes in external pressure, this prop-
erty makes them promising for applications in gas pressure sensing [95, 97, 110, 132], as
demonstrated in Chapter 4. Conducting properties of graphene at the same time allow
to capacitively read out the deflection with sensitivity compatible with state-of-the-art
commercial pressure sensors [95–97, 110, 132].

The pressure difference ∆P = Pint −Pext established between the internal pressure
of a gas trapped inside of a cavity Pint and the external atmospheric gas pressure Pext

corresponds to the circular membrane deflection that it causes at its centre δ [19, 97] as:

∆P = 4n0

r 2 δ+ 8Eh

3r 4(1−ν)
δ3. (3.2)

In Fig. 3.2a, we show the trend of Eq. 3.2 in abstract units. For Pint À Pext, the membrane
bulges up establishing negative δ and deflecting the membrane away from Si back-plate.
Symmetrically, for Pint ¿ Pext the membrane deflects down minimising the separation
between membrane and Si electrode. The deformation shape ξ(r ′) at an arbitrary radial
distance from the centre r ′ is assumed to be hemi-spheric [133]:

ξ(r ′,δ) = δ
(
1− r ′2

r 2

)
. (3.3)
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Thus, the membrane deflection shape affects the capacitance of the device as:

C (δ) = 2πε0

∫ r

0

r ′

g0 −ξ(r ′,δ)
dr ′, (3.4)

where ε0 is the vacuum permittivity. The capacitance change ∆C (δ) = C (δ)−C0 to that
capacitance C0 at ∆P = 0 as a result is asymmetric around zero, as we show in Fig. 3.2b.
The shape of the curve in Fig. 3.2b depends strongly on membrane and material pa-
rameters given by Eq. 3.2. Therefore, as discussed in Chapter 4, production of a high-
sensitivity gas pressure sensor requires optimization of all parameters in Eq. 3.2.

3.2. DYNAMIC NANOMECHANICAL METHODS

3.2.1. LASER INTERFEROMETRY AND RESONANT MEMBRANE MOTION
The most commonly used experimental technique in this thesis is laser interferometry
[24]. We use it to bring 2D material membranes to motion and measure their vibra-
tion using a homodyne detection scheme [134]. In the laser interferometer setup (see
Fig. 3.3a), a power-modulated blue diode laser (λ = 405 nm) is used to excite and op-
tothermally drive into motion the membrane, that is placed inside of a low-temperature
vacuum chamber. The blue laser beam is emitted by a laser diode and then guided to
the sample chamber using a cold mirror. When the membrane is in motion, an inter-
ferometric displacement detection is obtained by focusing a He-Ne laser beam (λ= 632
nm) on the suspended membrane centre. Coupling of the membrane deflection to the
optical field is accomplished by a combination of absorption of the membrane and re-
flection from its surface. The interfering reflections from the membrane and the Si sub-
strate underneath are then guided to a photodiode using a combination of quarter-wave
plate (λ/4) and polarizing beam splitter cube. The modulation of the photodiode signal,
that is a measure of the displacement of the membrane, is processed by a vector network
analyzer (VNA).

The sample under test is mounted on a x y z piezopositioning stage inside a closed-
cycle optical 4 K cryostat Montana Instruments Cryostation s50, as shown in Fig. 3.3b.
The membranes are measured with a spacial resolution by moving the sample with re-
spect to lasers with nanopositioners [134]. The laser spot size that we achieve with this
setup is in the order of ∼ 1−2 µm depending on the objective used (50x/100x), allowing
to measure membranes > 2 µm in lateral size. A local sample heater is used to per-
form temperature sweeps at a rate of ∼ 3 K per minute, while keeping the pressure in the
chamber below 10−6 mbar. However, during data acquisition the temperature is kept
constant with ∼ 10 mK stability by the heater and a closed feedback loop temperature
controller Lakeshore 335.

Using the laser interferometry technique, we acquire the amplitude data near the
fundamental resonance frequency of the mechanical resonator f0(T ) at a set tempera-
ture T . At f0 a characteristic resonance peak in amplitude A is found together with a
corresponding ∆φ = 90◦ phase shift between force and displacement, that can be de-
scribed by linear harmonic oscillator model [135, 136], as shown in Fig. 3.3c. The quality
factor Q for a membrane in motion is defined as the ratio of the energy stored in the res-
onator to the energy lost per one radian of the oscillation cycle, and is calculated from
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Figure 3.3: Laser interferometry technique. a Schematic of the laser interferometry setup. b Schematic of the
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membrane in the optical field. c Amplitude A of the resonance peak of the fundamental membrane mode and
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the full width at half maximum of the peak ∆ f0 as Q = f0
∆ f0

.
The resonance frequency of the membrane resonator, fmembrane, is dictated by its

tension n(T ) [136]:

fmembrane =
2.4048

πd

√
n(T )

ρh
. (3.5)

where d is the diameter of the membrane, and ρ the mass density. However, often the
membranes discussed in this thesis are made of many-layer 2D material flakes and also
have a small bending rigidity contribution. In the crossover membrane-plate regime f0

can be approximated as [136, 137]:

f0(T ) ≈
√

f 2
membrane + f 2

plate =√√√√(
2.4048

πd

)2 n(T )

ρh
+

(
10.21h

πd 2

)2 E

3ρ
(
1−ν2

) .
(3.6)

For the thicker plate-like resonators fplate ∝ h, for small and linear deflection [136–138].
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For thin membranes, however, Eq. 3.5 yields fmembrane ∝ h−0.5. When the membrane
is subjected to temperature changes, the total tension is dominated by thermal strains
εth. Thermal strains are of dilatational nature and do not cause any shear, thus, these
can be written as: εth = −α∆T , where α is the thermal expansion coefficient. In-plane
thermal strain is then related to tension according to the Hooke’s law as n(T ) = n0 +
Ehεth(T )

(1−ν) , where n0 the intrinsic pre-tension introduced during the fabrication process.
Thus, according to the Eq. 3.6 the membranes under study of a range of thicknesses can
be found in the plate or in the membrane limit at a given temperature.

We use Eq. 3.6 to plot f0 of the circular resonator in the membrane-plane crossover
regime as a function of its thickness. For practical reasons, we use material parameters
E = 103 GPa, ν = 0.304 and ρ = 3375 kg m−3, that are close to that of FePS3 [59], which
is used in Chapters 6, 7, 9, 10 and 11 of this thesis. The relative contribution of the plate
term to the frequency of the resonator is largest at room temperature because the mem-
brane tension is the lowest. As shown in Fig. 3.4a at T = 300 K and n0 = 0.1 N m−1,
thicker resonators (h > 40 nm) behave as circular plates. However, as shown in Fig. 3.4b,
at lower temperature (T ≈ 114 K) due to temperature-induced strain ε(T ) the resonator
behaves closer to the membrane limit over a thickness range from that of a single-layer
to ∼ 60 nm.
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The total strain in such membrane is found using ε(T ) = ε0 −
∫ T

300K(αmaterial(T ) −
αSi(T ))dT , where ε0 is the intrinsic pre-strain at T = 300 K [139, 140]. Because αSiO2 ¿
αSi [141, 142], the effect of the thin SiO2 layer in the substrate can be neglected. As shown
in Fig. 3.4c, the thermal expansion coefficient of the silicon substrate (solid magenta
line) is substantially smaller as compared to that of the membrane (solid blue line), as
estimated from the thermodynamic relations and the Debye model of specific heat [67]
(see Chapter 6). Therefore, the total strain in the membrane will mainly build up due to
αmaterial, and this term dominates the change in resonance frequency f0(T ), even for the
membrane as thick as h = 45 nm, as depicted in Fig. 3.4d.

Variations in the thermal expansion coefficient that affect the strain of the membrane
can be probed via its resonance frequency (see Eq. 3.6). This is an important direct link
that couples mechanical degrees of freedom to thermodynamic quantities of the mem-
brane’s material, providing a possibility to probe condensed matter physics using me-
chanical resonators [41, 57, 67, 124]. According to thermodynamic models, the thermal
expansion coefficient is proportional to a fundamental material parameter - the specific
heat. As near a phase transition it is expected to exhibit a discontinuity, the temperature-
dependent resonance frequency of a suspended membrane can thus be used to probe
the phase change, as we discuss in Parts III and IV.

3.2.2. ELECTROSTATIC DEFLECTION OF CIRCULAR MEMBRANE
In addition to the thermal tension in response to the change of the membrane temper-
ature, strain in the 2D material membrane at motion can be controlled also utilizing
electrostatic deflection. A membrane suspended over a circular cavity forms a capacitor
Cg with a bottom Si gate electrode underneath. The change in gate voltage Vg causes
the membrane to deflect, tuning the tension and producing a shift in the resonance fre-
quency.

Chen, C. [143] has derived the spring constant k of the membrane resonator under
electrostatic strain from continuum mechanics model by analysing a minimum of the
total energy [144], given as sum of elastic and electrostatic components Ue +Uel:

∂ (Ue +Uel)

∂z
= 8πEh

3(1−ν2)r 2 z3 +
(

2πEhε(T )

1−ν2 − 1

2
C ′′

g V 2
g

)
z − 1

2
C ′

gV 2
g = 0, (3.7)

where z is the out-of-plane position of the membrane, and taking the deflection shape ξ
under a uniformly distributed electrostatic force from Eq. 3.3 [133, 143]. Thus, the spring
constant k of the membrane is found as:

k = ∂2 (Ue +Uel)

∂z2

∣∣∣
δ
= 2πEhε(T )

1−ν2 + 8πEh(
1−ν2

)
r 2
δ2 − 1

2
C ′′

g V 2
g , (3.8)

where δ is the maximal deflection at the membrane centre and C ′′
g = ∂2Cg

∂z2 . The resonance
frequency of the fundamental vibration mode of the drum as a function of gate voltage
is described using Eq. 3.5 and 3.8 as:

f0(Vg) = 1

2π

√
1

meff

[
2πEhε(T )

1−ν2 + 8πEh(
1−ν2

)
r 2
δ2 − 1

2

∂2Cg

∂z2 V 2
g

]
, (3.9)
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where
∂2Cg

∂z2 ≈ 0.542ε0πr 2

g 3
0

is the second derivative of capacitance [128, 145], and meff =
0.27ρhπr 2 the effective mass. The exact solution of Eq. 3.9 for δ at the equilibrium posi-
tion of the membrane centre due to the electrostatic deflection is rather complex [143].
However, following the approach in Ref. [145] one can approximate δ as:

δ≈ ε0r 2

8g 2
0 n(T )

V 2
g , (3.10)

where n(T ) = Eh ε(T )
1−ν is the membrane tension at temperature T . We plot the qualitative

trend of the Eq. 3.10 in Fig. 3.5a with a solid blue line. The electrostatic strain εel that
corresponds to the deformation of the membrane can be estimated from the the arc

length of the deflection [19, 145, 146]: εel ≈ 2δ2

3r 2 , which we plot with a solid magenta line.
The alternative derivation is also discussed in Chapter 6, yet quantitatively the resulting
equations produce similar values of εel(Vg). As a result, by combining Eq. 3.10 and 3.9 we
show f0(Vg) in Fig. 3.5b.

The Eq. 3.9 consists of three additive terms under the square root. The first term is
the elastic contribution. The second term is given by the electrostatic straining. The last
term is related to electrostatic capacitive softening of the membrane [128, 145]. When

the capacitive softening term is negligible, f0 ∝
√

V 4
g that produces U-shaped curve, as

shown in Fig. 3.5b with solid blue line. When the term is significant, f0 ∝
√

V 4
g −V 2

g

and the curve takes the W-shape, as plotted in Fig. 3.5b with solid green line. Thus, by
analyzing measured f0(Vg) using Eq. 3.9 and 3.10, it is possible to quantitatively estimate
strain in the membrane under the electrostatic deflection. In addition, since Eq. 3.9 also
depends on thermal strain ε, this method can be used to probe higher-order phenomena
such as second-order phase transitions as a function of electrostatic tension, which we
discuss in Part III of the thesis.
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4
GRAPHENE MEMBRANES FOR

CAPACITIVE PRESSURE SENSING

The high flexibility, impermeability and strength of graphene membranes are key proper-
ties that can enable the next generation of nanomechanical sensors. However, for capac-
itive pressure sensors the sensitivity offered by a single suspended graphene membrane is
too small to compete with commercial sensors. In this chapter, we realize highly sensitive
capacitive pressure sensors consisting of arrays of nearly ten thousand small, freestand-
ing double-layer graphene membranes. We fabricate large arrays of small diameter mem-
branes using a procedure that maintains the superior material and mechanical properties
of graphene, even after high-temperature anneals. These sensors are readout using a low
cost battery-powered circuit board, with a responsivity of up to 47.8 aF Pa−1mm−2, thereby
outperforming commercial sensors.

Parts of this chapter have been published in Microsystems & Nanoengineering 6, 102 (2020) by Makars Šiškins,
Martin Lee, Dominique Wehenkel, Richard van Rijn, Tijmen W. de Jong, Johannes R. Renshof, Berend C. Hop-
man, Willemijn S. J. M. Peters, Dejan Davidovikj, Herre S. J. van der Zant & Peter G. Steeneken
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G RAPHENE grown by chemical vapour deposition (CVD) is a strong candidate for real-
izing next-generation sensor devices [147]. Its hermeticity [23, 92, 93], and superior

mechanical [12, 116, 148] and electrical [149] properties, have enabled various types of
gas pressure sensors. In most conventional pressure sensors, the pressure is determined
from the deflection of a membrane due to the pressure difference between ambient gas
and gas in a hermetically sealed reference cavity. There are different ways to readout the
deflection of the membrane and thereby quantify the pressure difference. In capacitive
graphene pressure sensors, the deflection is readout by measuring the capacitance be-
tween the graphene membrane and a reference electrode [95–97, 132]. As the pressure
induced deflection increases the mechanical stress and tension in the membrane, it can
be measured using the piezoresistive effect [150–152] and can also be probed via the me-
chanical resonance frequency [23, 92, 153]. In contrast, graphene squeeze-film pressure
sensors [94] and Pirani pressure sensors [154] do not require a hermetic reference cavity
and operate at small deflection, which can be beneficial for their operation range.

Resonant sensors are conceptually attractive because they potentially offer both gas
sensing [91, 155] and pressure sensing [92, 94] functionality within a single device. How-
ever, accurate readout of resonance frequencies with low-power electronics is challeng-
ing, requires elimination of mass loading and can not be easily scaled up to many de-
vices in parallel. In piezoresistive and Pirani sensors, it is a challenge to eliminate non-
pressure related effects of the surrounding gas on the graphene resistance. In contrast,
capacitive pressure sensors have the advantage that the membrane capacitance is rather
insensitive to gas induced changes in its mass and electrical resistance, and thus de-
pends mainly on geometry and membrane deflection. However, it was found that a sin-
gle graphene membrane with a diameter of 5 µm has a too small responsivity (< 0.1
aF Pa−1) to be competitive with commercial sensors [97].

In this work, we counter this drawback by creating arrays with a large number of
membranes connected in parallel to increase the responsivity [97]. We present few-atom
thick pressure sensors that can compete with commercial capacitive pressure sensors
using arrays of nearly 10000 double-layer graphene (DLG) membranes. We optimize the
design of the sensor elements, the chip layout and the readout electronics to attain a
handheld, low-cost, battery-powered electrical readout circuit capable of detecting pres-
sure changes via the static deflection of graphene nanodrums.

4.1. MATERIALS AND METHODS

4.1.1. CHIP DESIGN AND GRAPHENE TRANSFER

Simulations [97] show that to achieve the commercially competitive sensitivity, an array
of around 10000 circular graphene drums is needed, each with a diameter of 5 micron.
When the drums are placed on a hexagonal grid with a pitch of 10 micron between their
centers, they fit on a 1× 1 mm2 chip as shown in Fig. 4.1a. To fabricate this design,
Ti/Au electrodes (5 nm/60 nm), for contacting the graphene top electrode, are patterned
on a silicon chip with a 285 nm SiO2 layer. Then the pattern of circular holes with a
depth of 240 nm is reactive ion etched into the SiO2. As shown in the cross-section in
Fig. 4.1b, the cavity depth of the holes is less than the SiO2 layer thickness to prevent the
graphene from touching the silicon bottom electrode, and thereby creating an electrical
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Figure 4.1: Pressure sensor and readout circuitry. a Optical image of the sensor chip with 10000 circular holes,
a DLG/PMMA membrane and Ti/Au electrodes. Close-up image shows the difference in contrast between
intact and defect drums with red circles indicating collapsed membranes. b Schematic device cross-section
and capacitive pressure readout principle. c Read-out circuitry PCB board with the elements labeled. The total
size of the PCB board is 6.9×17.5 cm2. The red circle indicates the pressure sensor chip.

short-circuit between the electrodes, when one of the membranes collapses. As a last
step the graphene is transferred over the cavities. We use two layers of graphene and
small membrane diameter to improve the yield [156] and the mechanical strength [116,
157]. Since the probability that 2 pore defects align is low, the impermeability of DLG is
also much higher than that of single layer graphene [23].

To fabricate the double layer graphene (DLG), two sheets of CVD graphene are syn-
thesized and then stacked on top of each other maintaining a pristine quality interface
between the sheets. Using Polymethyl Methacrylate (PMMA) as a support layer of 800
nm thickness, DLG is suspended over the pre-patterned circular holes in the SiO2/Si
chip with Ti/Au electrodes (Fig. 4.1a). DLG was produced and transferred in ambient
pressure by Applied Nanolayers*. From the differences in contrast between suspended,
broken and collapsed drums [156, 158] we estimate that the dry transfer technique re-
sults in a yield of 95−99% of freely suspended DLG/PMMA membranes. The red circles
in the inset of Fig. 4.1a indicate defect drums in a damaged region of the sample and

*Commercial company Applied Nanolayers B.V., Delft, NL.
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Figure 4.2: Thermal removal of the polymer and its effect on the capacitive response of the sensor. a Schematic
explanation of the thermal annealing principle that reduces the PMMA thickness h(t ). b Change in capaci-
tance of a single chip as a function of measurement in response to time dependent pressure changes, ∆P , for
samples that have been annealed for different times t (line colors corresponds to color of the corresponding
anneal times indicated in the legend). The gas pressure is changed at a rate of 175.4 mbar s−1. c Responsivity
and noise floor extracted from the data in b calculated using Eq. 4.1.

show this difference in contrast.

4.1.2. SENSOR READOUT CIRCUIT BOARD

The graphene capacitive pressure sensor responds to the difference established between
the internal pressure of the reference cavity, Pint and the external pressure of the environ-
ment, Pext. This pressure difference results in a deflection of the atomically thin mem-
brane and a corresponding change in capacitance [97] of the drum, ∆C as schematically
depicted in Fig. 4.1b. We wedge bond a 25 µm AlSi 1% wire to Ti/Au pads on a chip for
electrical contact to graphene and use a conductive silver-paste to contact the Si sub-
strate. The response of the graphene capacitive pressure sensor is high enough to be
read-out by chip-scale commercial electronic components as is demonstrated using the
battery-powered circuit shown in Fig. 4.1c. Here, the sample under test is kept in a small
on-board vacuum chamber that allows local control over the external gas pressure while
preventing the pressure to affect electrical read-out elements. A commercial capacitance
to digital converter (AMS PCap04) is then used to record and digitize the capacitance of
the sample measured at a peak-to-peak voltage Vpp = 1.5 V with a hundred of charge and
discharge cycles of 5.73 ms each. After voltage level adjustment by a logic level converter,
an Arduino Uno board converts the measured capacitance into pressure using a prede-
termined calibration curve and displays it on an LCD screen. The circuit board is capable
of measuring a change in the chip’s capacitance down to ∼10 aF on top of a background
capacitance of a few tens of picofarads.
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4.1.3. EFFECT OF PMMA REMOVAL

After chip fabrication and transfer, the PMMA transfer polymer still covers the DLG sheets.
In a number of previous studies protective polymer layers were used to support the
graphene to increase the yield, mechanical performance, hermeticity and durability of
the devices, in both suspended [132, 159] and touch-mode operation [95]. However,
the bending rigidity of the polymer layers reduces the deflection and responsivity of the
membranes and sensor. To improve the sensor performance we therefore gradually re-
move the transfer polymer by annealing it in dry gas [160–163], as shown in Fig. 4.2.
PMMA removal mechanisms are mostly related to removing pendant functional groups
in the polymer at high temperatures [160, 162]. However, this can trigger the reaction be-
tween the graphene and the carbon by-products from the residual polymer and produce
amorphous carbon [160, 161]. Lower temperatures of the process and an atmosphere of
inert gas, like argon, are needed to prevent the production of amorphous carbon and to
maintain a good quality of graphene during the thermal annealing [161].

The sample is put inside a furnace and left at a pressure of 500 Torr with a constant
flow of 0.5 SLPM of an inert dry gas (Ar or N2) at a temperature of 300◦C as schematically
depicted in Fig. 4.2a. We found no notable difference between the use of Ar or N2 gas flow
in terms of the end quality of DLG layers or PMMA removal rate. The average thickness of
the transfer PMMA reduces with annealing time at an estimated rate of ∼ 27 nm/minute
with only minor residues left on and in-between the graphene layers. For some samples,
small regions of local PMMA residue accumulation are still present after the annealing
procedure. They accumulate on the surface of a DLG layer that has a thickness of 1.4−
2.2 nm, as measured by tapping mode atomic force microscopy (AFM) (see Appendix,
Fig. 4.7). The PMMA thickness reduction by thermal treatment is found to substantially
improve the responsivity of the sensors. Figure 4.2b shows the capacitance change∆C of
a single chip to external pressure changes between 1000 and 900 mbar with a period of
40 seconds as measured after 0, 15, 22.5 and 29 minutes of annealing. Figure 4.2c shows
that by following the thermal anneal procedure, an increase in responsivity of almost
an order of magnitude was achieved for this particular sample, while in the best case
an increase in responsivity of nearly two orders of magnitude was observed after a 30
minute continuous thermal anneal treatment. Further annealing the sample for longer
times does not significantly affect the capacitance response (see Appendix, Fig. 4.8). The
detection noise floor also decreases substantially as a result of the process. The noise
floor, N F , in Pa/

p
Hz is defined as:

N F = CRMS
dC
dP

√
fmeas

, (4.1)

where CRMS is the root mean squared (RMS) noise in the capacitance measurement, dC
dP

the responsivity of the sensor and fmeas = 1.745 Hz, the frequency at which the measure-
ments are acquired. The decrease in N F as shown in Fig. 4.2c qualitatively follows from
Eq. 4.1 considering the measured increase in responsivity.
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Figure 4.3: Atomic force microscopy (AFM) characterisation of membranes. a AFM tapping mode image of
DLG drums. State of the drum is labeled. Scale bar: 5 µm. b AFM tapping mode image of a supported region
of DLG. Residue types are indicated. Scale bar: 1 µm. c Force versus membrane deflection curve. Exper-
imental data (blue dots) are fit by the membrane model of Eq. 4.2. Inset: statistics over 21 membranes with
corresponding mean values for the extracted two-dimensional Young’s modulus, E2D, with a mean pre-tension
n0 = 0.04±0.02 N/m.

4.2. RESULTS AND DISCUSSION

4.2.1. SAMPLE CHARACTERIZATION

After thermal treatment for 30 minutes at 300◦C, we inspect the samples for damage.
In Fig. 4.3a a tapping mode Atomic Force Microscopy (AFM) image of the sample is
shown. Three types of drums can be distinguished visually: intact, ruptured and col-
lapsed drums. Collapsed drums are in contact with the bottom of the cavity and proba-
bly do not significantly contribute to the response [95] because they are predominantly
damaged and thus not airtight. The ruptured drums are also expected to leak fast [94]
and therefore have a negligible contribution to the static capacitance response to grad-
ual pressure changes. Intact drums, however, show a full coverage of the cavity. These
drums can hermetically seal the cavity with a constant internal pressure exploiting the
extremely low permeability of graphene [23, 92, 93], although in part of these mem-
branes small pores can be present that are too small to be visually detected. A lower
height of some drums visible in Fig. 4.3a can be caused by small downward pressure or
Pint < 1 bar established during the fabrication process. As shown in the AFM measure-
ments in Fig. 4.3b, after the anneal, a substantial number of residues are observed on
and below the DLG. The residues form pockets and are also observed in the suspended
regions of the device, which suggests that part of the residues is trapped in-between the
graphene layers, where they cannot be easily removed [115].

During the fabrication, the capability of graphene to withstand high strains [12, 148,
164] facilitates damage-free transfer, while the thickness of only a few atoms favours
higher membrane deflections and thus higher responsivity to pressure changes of the
sensor. In order to test the elasticity and mechanical properties of the drums after ther-
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Figure 4.4: Raman spectroscopy of supported DLG. a Raman spectra of the DLG/PMMA layer before and after
the polymer removal. b Close-up of a blue-shift in the 2D peak and c the G peaks of graphene.

mal treatment, we use force-indention AFM to apply a point-force in the centre of a sin-
gle membrane while measuring its deflection [12]. The applied force, F , is proportional
to the stiffness of a cantilever kc and its deflection ∆zc as F = kc∆zc . We use two can-
tilevers of kc = 1.25±0.12 N/m and 1.48±0.05 for two separate sets of measurements in
two distant places on the chip. We record a force versus membrane deflection curve at
the centre of each drum, as depicted in Fig. 4.3c, and fit it to a model for point deflection
of a circular membrane [12, 129]:

F = n0πδ+E2DRq3
(
δ

R

)3

, (4.2)

where n0 is the pre-tension, E2D the two dimensional Young’s modulus of the layer,
ν = 0.16 the Poisson’s ratio [116], δ the resulting deflection, R the radius and a geomet-
rical factor q = 1/

(
1.05−0.15ν−0.16ν2

)
[12, 129]. We use the two dimensional Young’s

modulus, E2D = E3Dh for the stacked DLG sheet since the thickness, h, of the layer af-
ter the thermal treatment is not well defined. Such an effective quasi-2D Young’s mod-
ulus provides a more realistic estimate for the mechanical elasticity of the layer and
can be directly compared to that of a pristine single layer graphene [12]. In the inset
of Fig. 4.3c, the statistics over 21 different drums are shown that yield a mean value of
E2D = 175 N/m. This is substantially lower than reported values for both exfoliated and
pristine CVD single-layer graphene [12, 116], but comparable to other CVD graphene
membranes [159, 164–166], high-quality oxidized graphene sheets [167, 168] and other
2D materials like single-layer MoS2 [129].

We also examined the sheets of DLG by using Raman spectroscopy, as displayed in
Fig. 4.4. Figure 4.4a shows Raman spectra of DLG acquired before the removal of the
PMMA layer (blue line) and after the processing at an elevated temperature (orange and
magenta line). Before the thermal treatment, the Raman spectrum of DLG is reasonably
homogeneous across the chip, showing a Lorenzian-shaped 2D peak of graphene and a
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Figure 4.5: Capacitance-pressure curves of the DLG pressure sensor. a Measured capacitance-pressure curve
(blue points); solid magenta line is a fit of Eq. 4.5 to the data with Pint = 0.933 bar, N /Ntot=0.25, E2D=175
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during a continuous measurement within a total time of 1 hour at Pext 6= Pint with a maximal rate of change of
the gas pressure of 3.3 mbar s−1.

well-defined G peak [169]. Full width at half maximum (FWHM) of the 2D peak is around
∼ 30 cm−1 and a high intensity ratio of 2D to G peaks resemble typical features of pristine
graphene [169]. In the case of DLG, this indicates that the two layers in the stack are well
decoupled and/or have on average a twist-angle [170] larger than 15◦. After processing at
a high temperature, the width of the 2D peak remains the same (see Fig. 4.4b) while the
ratio between 2D to G peaks changes drastically depending on the chosen location of the
measurement on the chip (see Fig. 4.4a, orange and magenta lines). Also, a notable blue-
shift of both 2D and G peaks is observed, as shown in Fig. 4.4b,c. These observations are
attributed to a substantial difference in twist-angle across the DLG sheet [170] as well as
local changes in strain as a result of annealing of the graphene layers [171].

We also note the almost complete absence of the D peak in all Raman spectra as
shown in Fig. 4.4a, indicating a very low amount of defects in the stacked graphene layers
even after exposure to high temperatures [172]. This result is in agreement with the out-
standing high-temperature stability of graphene when encapsulated by protective layers
[21, 22], and provides evidence that damage, caused by the removal of polymer from
suspended graphene, is minimal [160–163].

4.2.2. ANALYSIS OF THE SENSOR RESPONSE

A pressure difference ∆P results in a deflection δ of a circular graphene membrane with
radius R, given by:

∆P = 4n0

R2 δ+
8E2D

3R4(1−ν)
δ3, (4.3)

where the graphene membrane takes the shape of the section of a sphere [19, 97]. Since
the pressure inside the reference cavity is about Pint ≈ 1 bar (the pressure during trans-
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fer), at Pext = 1 bar atmospheric pressure ∆P ≈ 0 and according to Eq. 4.3 the sensors are
expected to have a linear response at small ∆δ. However, at larger deflections nonlinear
mechanical and capacitance effects start to result in non-linearities in the capacitance
Cd(∆P ) curve that can be calculated using the parallel-plate approximation [97] as:

Cd(∆P ) = 2πε0

∫ R

0

r

g0 −δ(∆P )
(
1− r 2

R2

)dr, (4.4)

where ε0 is the vacuum permittivity, g0 the gap size between the membrane and bottom
electrode for ∆P = 0. The contribution of quantum capacitance of graphene is small
[173, 174] and is neglected. The total capacitance change of the sensor can be modeled
from Eq. 4.3 and 4.4 as:

∆Ctotal = N ×∆Cd(∆P ), (4.5)

where N is the number of intact, hermetic drums after both fabrication and thermal
treatment. We experimentally test if Eq. 4.4 and 4.5 can model the graphene pressure
sensor by applying both substantial negative and positive pressure differences while
measuring its capacitance. Figure 4.5a shows the response of the same sensor that was
characterized in Figs. 4.3 and 4.4.

The maximal responsivity of the sensor is achieved near ambient pressure in the lin-
ear regime, while a notable nonlinear response occurs for |∆P | > 200 mbar. A number
of design factors, such as the drum diameter, the number of drums and the pitch be-
tween the drums influence the sensor performance [97]. Importantly, the pressure de-
pendence of∆C can be well reproduced by the model of Eq. 4.5 using a Young’s modulus
of E2D = 175 N/m, estimated by an AFM probe for this particular sample, and a pre-
tension n0 = 0.45 N/m as shown by the magenta line in Fig. 4.5a. The model follows the
measurement closely when we use a fitted value of N /Ntot=0.25 as shown in Fig. 4.5b
(solid magenta line), where Ntot ≈ 10000 is the total number of drums. This indicates
that the yield of intact hermetic drums is 25%, and suggests that a large number of drums
that look visually intact do not remain hermetic after polymer removal. The theoretical
maximum response at a perfect yield of 100% is also shown (dashed magenta line).

Many other factors can influence the responsivity. Since the device capacitance has a
strong dependence on the distance between the plates of the pressure sensor, the cavity
depth has a large influence on the performance of the sensor. In Fig. 4.6 we demon-
strate the performance of two of the best samples with a SiO2 thickness of 285 nm and
2.17 µm respectively. Both chips have circular holes with a depth of 240 nm fabricated
as described previously. Figure 4.6a shows the triangular wave response of both 285 nm
(orange line) and 2.17 µm (blue line) chips. As shown in Fig. 4.6b, the difference in re-
sponsivity for the two oxide thicknesses as a function of pressure can be more than an
order of magnitude. Using Eq. 4.1, we calculate the noise floor to be 34.2 Pa/

p
Hz for the

285 nm thick SiO2 sample and 43.4 Pa/
p

Hz for the 2.17 µm one. The measured respon-
sivity of the 285 nm gap device is significantly higher than that of the 2.17 µm one, in
qualitative accordance with Eq. 4.1.

There is a notable scatter in the measured capacitance values as seen in Fig. 4.6b
that is attributed to the effect of gas escaping the cavities for part of the drums, thus
causing |∆P | to decrease with measurement time. It has been reported before that when
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graphene is suspended over a SiO2/Si cavity, it does not always form a perfect hermetic
seal[23, 92]. As recently shown by Lee et al., most of the gas permeation in graphene
drums occurs along the van der Waals interface between the 2D material and the sub-
strate [92]. As a result of the contribution of this effect, an exponential decrease of C
with measurement time is visible in Fig. 4.6c, in response to periodic pressure steps of
∆P = 100 mbar. However, if a good graphene crystallinity is preserved over large areas,
the mean path that the gas needs to travel to escape the cavities becomes large, and this
will increase the flow resistance of the gas channel and the permeation time constant
[92, 155]. This condition seems to be achieved across part of the sample, because no
significant hysteresis was observed during the slow pressure sweeps (> 10 minutes per
sweep) in Fig. 4.5a and b, suggesting that of the order of 25 % of the drums maintain a
constant internal pressure Pint for ∆P 6= 0, as supported by the fits in Fig. 4.5a and b.

Optimization of all parameters is required to achieve the best sensor performance
for detecting very small pressure differences over an extended range of pressure. DLG
pressure sensors show reproducible operation over a pressure range of 65−138 kPa (see
Fig. 4.5a). In terms of responsivity our best sensor with 285 nm of SiO2 oxide (orange dots
in Fig. 4.6a and b), with a responsivity of 47.8 aF Pa−1mm−2 over the range of 90− 100
kPa, already outperforms the commercially available state-of-the-art Murata SCB10H
sensor with a responsivity of 28 aF Pa−1mm−2 in the same range, as shown in Fig. 4.6b.
This is comparably larger than what was previously achieved with capacitive sensors
based on atomically thin 2D membranes [96, 97], yet competitive with a thicker sus-
pended graphene-covered 140 nm PMMA sheets [132] with a reported responsivity of
123 aF Pa−1mm−2 over 0− 80 kPa, using an area of 210 µm2 of tightly-packed hexago-
nal membranes. However, if yields close to 100% and hermetic sealing of all drums is
realized and the pre-tension is lowered down to ∼ 0.04 N/m, the presented graphene-
based 2D devices are expected to achieve a theoretical maximum responsivity of ∼ 450
aF Pa−1mm−2 near ambient pressure of 90−100 kPa. Further design improvement might
even be possible if the gap is reduced, the unsuspended area is minimised and the pack-
ing density of the membranes is increased. Using three or five layers of stacked graphene
instead of two might help to improve the hermetic sealing issue but would result in
a lower sensitivity (see Appendix, Fig. 4.9). Increasing the diameter of drums, on the
other hand, could compensate this and produce an increase in responsivity (see Ap-
pendix, Fig. 4.10), however, also decrease the yield [156]. We demonstrate the proof-
of-the-concept operation of graphene pressure sensors at room temperature conditions
(∼ 23◦C). Eventually, also the temperature-related effects, such as expansion of the gas
inside of cavities, small variations in dielectric constant of gas as a function of temper-
ature, as well as thermal expansion of DLG and Si/SiO2 substrate, can potentially affect
the capacitance-to-pressure conversion. For the operation over an extended tempera-
ture range, these need to be excluded by combining the pressure sensor with a tempera-
ture sensor[175], using appropriate calibration and by sealing the drums under vacuum
conditions.

4.3. CONCLUSIONS
Where previous studies had addressed part of the challenges related to realizing portable
graphene gas pressure sensors, like the pressure sensitivity, impermeability to gasses and
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electrical readout, here we bridged these studies by constructing a portable, battery pow-
ered functional graphene pressure sensor that outperforms commercial devices. Using
off-the-shelf systems for electronic readout and data processing, we enable capacitive
readout of a 1×1 mm2 array of DLG graphene pressure sensors. We realize sensor chips
with a high yield of suspended membranes, resulting in a sensor responsivity of 47.8
aF Pa−1mm−2. We demonstrate that thermal treatment is an effective measure for con-
trollable thickness reduction of the support polymer layer, that leads to a significant per-
formance improvement because the thin 2D material membranes are much more flex-
ible than with the support polymer. It is anticipated that further design and fabrication
improvements and better control over the device yield can increase the responsivity by
a factor 10, thus enabling improvements in applications like indoor navigation, altitude
monitoring and activity monitoring, and can enable new applications like presence de-
tection.
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Figure 4.7: Detailed characterization of annealed double-layer graphene in a region where PMMA residues
were observed. a Optical image of a thermally annealed graphene sample with a 285 nm thickness of SiO2,
results of which are also presented in Fig. 3 of the main text. b Tapping mode AFM image of the area indicated
with a dashed blue line in a. Numbered white lines indicate corresponding height profiles in c. The extracted
thickness of DLG is indicated for each case.
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5
MECHANICALLY ANISOTROPIC

MEMBRANES OF AS2S3

2D materials with strong in-plane anisotropy are of interest for enabling orientation de-
pendent, frequency tunable, optomechanical devices. However, black phosphorous (bP),
the 2D material with the largest anisotropy up to date, is unstable as it degrades in air.
In this work we show that As2S3 is an interesting alternative, with a similar anisotropy as
bP, while at the same time having a much higher chemical stability. In this chapter, we
probe the mechanical and optical anisotropy in As2S3 by three distinct angular resolved
experimental methods: Raman spectroscopy, atomic force microscopy (AFM) and reso-
nance frequency analysis. Using a dedicated angle-resolved AFM force-deflection method,
an in-plane anisotropy factor of Ea

Ec
= 1.7 is found in the Young’s modulus of As2S3 with

Ea−axis = 79.1±10.1 GPa and Ec−axis = 47.2±7.9 GPa. The high mechanical anisotropy is
also shown to cause up to 65% difference in the resonance frequency, depending on crystal
orientation and aspect ratio of membranes.

Parts of this chapter have been published in ACS Nano 13, 9, 10845–10851 (2019) by Makars Šiškins, Martin Lee,
Farbod Alijani, Mark R. van Blankenstein, Dejan Davidovikj, Herre S. J. van der Zant and Peter G. Steeneken
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A FTER the first exfoliation and characterization of graphene in 2004 [7], 2D crystals
have attracted much interest as suspended membranes in mechanical systems due

to their unprecedented high elastic moduli and strength [12, 24, 38, 39]. Although res-
onators of many 2D materials, such as graphene and MoS2, have been widely studied [24,
89, 97, 112], there are only a few 2D crystals known that exhibit large in-plane anisotropy
[176–181]. Black phosphorus (bP) shows the largest known anisotropy in Young’s modu-
lus among 2D materials [25, 182] with a ratio of Eb

Ea
= 2 along the in-plane axes (b and a).

However, few-layer bP is only stable in air for several minutes [107], which severely af-
fects its mechanical properties after oxidation [183] and complicates its application and
integration into complex nanomechanical systems (NEMS).

Here, we discuss the exfoliation of As2S3 including in its monolayer form and the
fabrication of suspended membranes of this material. Although As2S3 has been studied
and applied in its bulk and amorphous form, it has not received much attention in its
ultrathin exfoliated form. The anisotropy in the Raman spectrum of As2S3 is compared
to the mechanical anisotropy in its static deflection, probed by atomic force microscopy
(AFM), and in its dynamic deflection, probed by a change in the resonance frequency
of mechanical modes. We show that thin layers of As2S3 have a mechanical anisotropy
comparable to that of black phosphorus while their stability against degradation in am-
bient air facilitates integration and study of few-layer As2S3 resonators in complex me-
chanical devices. In addition to that, the material has perspectives to become an im-
portant member of the class of 2D-materials due to a unique combination of properties:
As2S3 is known to transmit infrared well [184], has an optical indirect band gap of ∼ 2.6
eV [185, 186], shows photoconductivity [187, 188] and has a large acousto-optical figure
of merit [189]. This combination of properties make it of interest for fundamental studies
of anisotropic phenomena in 2D materials, but can also enable new type of applications
like acousto-optic modulators [190].

5.1. RESULTS AND DISCUSSION

5.1.1. STRUCTURE AND CHARACTERIZATION

Arsenic trisulfide, also known as orpiment [191], is a naturally occurring layered crystal.
The unit cell of the As2S3 lattice consists of two layers inverted through a symmetry cen-
ter located in a van der Waals gap (Fig. 5.1b). From the crystallographical point of view,
a unit cell of arsenic trisulfide is defined by 20 atoms (10 atoms for a monolayer) [186]
compared to 2 for graphene, 3 for MoS2, and 8 for black phosphorus, which makes it
one of the most structurally complex 2D materials known. Natural As2S3 crystals are of
a high purity (see Appendix A1), have low interlayer binding energy [186, 192] and have
an exfoliation energy comparable to graphite [185]. These properties enable the use of
conventional methods for exfoliation and transfer of flakes [111, 112], when additional
safety precautions are applied due to the toxicity of the material [193–195]. Natural crys-
tals of As2S3 can be well exfoliated as indicated by the tapping mode AFM measurements
in Fig. 5.1d, that show flakes as thin as 0.83 nm with consecutive step heights ranging
from 0.7−0.8 nm. The monolayer thickness is expected to be a half of the unitcell along
b-axis, hAs2S3 = 0.5× 0.96 nm = 0.48 nm [191]. Since the step height observed in AFM
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Figure 5.1: Crystal structure and atomic force microscopy (AFM) images of As2S3. a The crystal lattice of a
single-layer As2S3. Projection along b-axis. Gray box indicates a single unit cell. b Projection along a-axis.
Inversion center is indicated. c Projection along c-axis. d-e AFM images of a nm-thin exfoliated layer of As2S3
on SiO2/Si as fabricated and after ∼ 3 months in air. Scale bars: 1 µm.

is less than twice the layer thickness, we conclude that we have exfoliated a monolayer
of As2S3. A similar 40−60% difference between the measured AFM stepheight and ex-
pected thickness of a single layer has been also observed in AFM studies of other 2D
materials and might be related to intercalation effects [196]. As shown in the AFM image
in Fig. 5.1e, the thickness of As2S3 monolayer remains virtually unchanged after three
months in air under ambient light. The multilayer flakes of As2S3, that were exfoliated
from the same crystal as the monolayer, are stable for hours at low or ambient light con-
ditions (see Appendix A1), such that it is likely that no degradation occurs in the absence
of light. This stability is an important advantage over other strongly anisotropic 2D ma-
terials like black phosphorous that decompose rapidly in air [107] as can be seen in AFM
measurements [197]. The stability in ambient conditions of As2S3 can be attributed to its
low solubility in water [195, 198] and low oxidation rate in air in the absence of excessive
exposure to light [199, 200].

We fabricated a number of samples with flake thicknesses, h varying from 0.8 to 129
nm. Flakes were transferred on top of a pre-patterned SiO2/Si chip with 12 rectangular
cavities by an all-dry viscoelastic stamping method [112]. Each subsequent rectangle is
rotated by a 30◦ angle with respect to the previous one and has a length of the longest
side, b considerably larger than its width, a. We estimate the orientation of the optical
axes of each flake using polarized light microscopy [177], thus taking advantage of the
transcendent in-plane birefringence of the crystal: ∆nAs2S3 measures ∼ 0.35 around vis-
ible frequencies [201], which is ∼ 1.4× higher than of black phosphorus and ∼ 10× that
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Figure 5.2: a Raman spectra of a bulk As2S3 crystal (thickness, h ∼ 50 nm) for a polarization of incident red
laser light (λ= 632 nm) along two crystalline axis (a and c). b Polarization-dependent Raman intensity spectra
obtained by sample rotation with normal incident light (along the b-axis of a crystal). c Thickness-dependent
Raman spectra under λ = 632 nm excitation. d-f Polarization-dependence for three Raman-active modes.
Vibrational modes in a, b and d-f are labelled in accordance to previous works [202–207] on As2S3.

of ReS2 [179]. This allows us to coarse-align the optical axes of the flakes to one of the
cavities (see Appendix A2). A flake transferred on top of this pre-patterned array of cavi-
ties forms a star-shaped mechanical resonator, such that the stiffness of each membrane
in the structure is dominated by the mechanical properties along the shorter side of the
rectangle.

5.1.2. POLARIZATION-DEPENDENT RAMAN SPECTROSCOPY
We have studied the anisotropy of arsenic trisulfide in detail by polarization-dependent
Raman Spectroscopy [208] at λ= 488, 514 and 632 nm of a laser excitation (see Appendix
A7). At λ = 632 nm the measured Raman spectrum shows at least 8 vibrational modes:
7 symmetric (A1) and 1 asymmetric (B2) (Fig. 5.2a) with respect to rotations around the
principal axis, corresponding to a C 7

2v point group symmetry of a single As2S3 layer [202,
203]. These could be related to a C2h point group symmetry of the bulk crystal through
a correlation table [202, 203, 206, 207]. The intensity of Raman modes depends on the
linear polarization angle of incident light in a backscattering Raman setup. As shown in
Fig. 5.2d-f, A1 (154 cm−1 and 202 cm−1) Raman modes have the largest intensity when
the light polarization is aligned along the a–axis, while A1 (309 cm−1) mode has the maxi-
mum intensity along the c-axis [202, 203, 206, 207]. We explain this behavior using group
theory and Raman tensor calculations, assuming Placzek approximation (see Appendix
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Figure 5.3: Detailed angle-resolved study of the Young’s modulus of As2S3. a Tapping mode AFM image of the
sample. Scale bar: 4 µm. b Typical force-deflection curve obtained at different angles of a rectangular cavity
with respect to crystalline axes. Top inset: optical image of the sample. Scale bar: 8 µm. Bottom inset: a
principle of the measurement. c Angle-resolved effective Young’s modulus of the membrane. Red line - fit to
Eq. 5.2. Young’s moduli for in-plane crystalline directions (Ea and Ec ) are indicated. d Raman spectra along
each axis. e Effective Young’s modulus along a and c crystalline axes measured for the best 5 samples of various
thickness (from 9 to 25 nm).

A3), which produces a good fit to the measured data (Fig. 5.2d-f). The frequency of Ra-
man phonons did not depend on the measured flake thickness, although the intensity of
the signal decreased accordingly (Fig. 5.2c).

We used this polarization dependent Raman modes to determine the exact crys-
talline orientation for flakes of thicknesses down to 8 nm. At a smaller number of lay-
ers (e.g. 2 nm of thickness) the signal of the Si from the substrate starts to dominate the
spectra. We have also performed photodegradation tests by analysing the Raman spec-
trum of the 354−358 cm−1 modes under a set of laser powers. Although As2S3 is known
to transmit infrared well [184], approaching the band-gap of the material (∼ 2.6 eV [186,
209]) with excessive light can convert the crystal to its amorphous state [210] thus lo-
cally destroying the crystallinity of the flake (see Appendix A1). Taking this into account,
we further used flakes of thicknesses, h > 8 nm and a corresponding low power of the
incident laser light to minimise damage to the suspended As2S3 membranes.
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Figure 5.4: Measurement setup and measured angle-resolved frequency response of the device. a Schematic of
the measurement setup. b Angle-dependent frequency response of rectangular resonators rotated by 90◦ with
respect to the a-axis. c Comparison of anisotropic response observed in motion (laser interferometry, black)
and statics (AFM force-indention, red).

5.1.3. ANISOTROPY IN THE STATIC MECHANICAL PROPERTIES

The strong asymmetry of the crystalline structure of As2S3 along the a- and c-axes (Fig. 5.1b,c)
is also expected to cause a large anisotropy in the Young’s modulus of the material [117].
We have studied the mechanical anisotropy in the Young’s modulus as a function of angle
by AFM using the star-shaped configuration shown in Fig. 5.3a. With an AFM tip of cal-
ibrated stiffness we indent the As2S3 membranes suspended over star-shaped trenches
and record the force-deflection curve at the center of each of the 12 membranes of the
same flake. We use cantilevers with spring constants between kc = 30 − 40 N/m for
thicker flakes (> 12 nm) and kc = 8−9 N/m for thinner ones (< 12 nm). Each data point
on the polar diagram in Fig. 5.3a is an averaged value from fitting 3−5 force-deflection
curves obtained at the same position.

The high aspect ratio of the rectangular membranes, b À a is chosen such that the
slope of the force-deflection curve is dominated by the effective Young’s modulus, Eeff

along the shortest side of the rectangle. As shown in Fig. 5.3b, a difference in deflection,
δ, was achieved for an equal force applied, F . Assuming a point force deflection at the
center of the cavity, we obtain the following equation for the force-distance relation of
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Figure 5.5: Change in resonance frequency of vibrational modes of an As2S3 plate. a Finite element model
(FEM) for the first 6 modes of a resonator compared to the measured amplitude (Ac , Aa ) of resonance peaks
at 0◦ and 90◦ rotation of the rectangular membrane with respect to the c-axis of the crystal. b Optical image
of a device with orientation and scales indicated. Dimensions are a = 5 µm and b = 10 µm. Scale bar: 5 µm.
Both blue and red lasers are focused at the position indicated by the red circle in the lower panel. c Vibrational
mode frequencies with corresponding errors compared to the FEM model.

the rectangular membrane (see Appendix A4):

F = Eeffh
3

12α(1−ν2)a2 δ+C2N0δ+ c0

(1−ν2)0.85

Eeffh

a2 δ3 , (5.1)

where α(a,b), C2(a,b) and c0(a,b) are geometry-dependent factors and N0 is the intrin-
sic pre-tension. Using Poisson’s ratio ν2 = 0.094 [211, 212], we fit Eq. 5.1 to the data and
extract effective Young’s moduli along the set of angles to the crystalline axes. We take
into account measured thickness variations as determined by AFM, which are found
to be at most 1-2 single layers (as seen on Fig. 5.3a), to extract correct values of Eeff.
Figure 5.3c shows the characteristic dumbbell shape of angle-resolved effective Young’s
moduli, which is a typical example of mechanical anisotropy in layered materials [182].
We also measure Raman spectra along the hard and soft axis of the crystal to connect the
observed anisotropy in mechanical properties to the crystalline orientation (Fig. 5.3d).
The dependence of Eeff on the rotation angle, θ in a particular direction is defined from
Hooke’s law, taking into the account Ea , Ec and an effective shear, Geff (see Appendix A5)
[182]:

Eeff(θ) = 1
1

Ea
cos4θ+ ( 1

Geff
− 2ν

Ea
)sin2θcos2θ+ 1

Ec
sin4θ

. (5.2)

From the fits of Eq. 5.2 to the data in Fig. 5.3c,e we obtain Ea = 79.1± 10.1 GPa, Ec =
47.2±7.9 GPa and Geff = 28.0±2.5 GPa, so that the ratio of the mechanical anisotropy,
Ea
Ec

∼ 1.7 (Fig. 5.3e). These values are also consistent with additional measurements done
on synthetically grown As2S3 showing that effect of possible defects and stacking faults
on mechanical anisotropy in natural As2S3 crystals is insignificant (see Appendix A6).
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5.1.4. DYNAMIC MECHANICAL PROPERTIES

When As2S3 is suspended over a rectangular hole made in a SiO2/Si substrate it forms
a resonator. We use the light intensity modulation by the motion of the membrane to
measure the resonance frequencies in a laser interferometer. A schematic of the setup is
shown in Fig. 5.4a. Here, the modulated blue diode laser is used to opto-thermally drive
the As2S3 membrane, and the red laser to read out its motion [134]. This allowed us to
observe a significant shift in the resonance frequency of the fundamental mode, f0(θ) at
θ = 90◦ to the hard axis (a-axis) of the crystal (Fig. 5.4b). We were also able to resolve
the natural mode frequency as a function of crystalline orientation of a membrane and
compare it to the effective Young’s modulus extracted for the same flake with the force-
deflection AFM measurements. As shown in Fig. 5.4c, the ratio of anisotropy measures
Ea
Ec

=
(

f0(0◦)
f0(90◦)

)2 = 2.0±0.3 in the dynamic experiment which is comparable to Ea
Ec

= 1.8±0.1

found from the static deflection of the same flake. This confirms the significant effect of
anisotropy in the Young’s modulus on the mechanical response of the membranes.

We further investigated the evolution of higher modes of thick rectangular As2S3 res-
onators as a function of the angle to the crystalline axis. We transferred a 129± 3 nm
thick flake, as measured by tapping mode AFM, over a set of rectangular cavities with
a b : a = 2 : 1 side ratio (Fig. 5.5b). This aspect ratio results in mode crossings [213] at
certain angles, θ and a more complex frequency dependence on angle for higher modes
[26]. In Fig. 5.5a,c the solid lines show the results of Finite Element Method (FEM) model
obtained using COMSOL Multiphysics package of the first 6 modes of a clamped As2S3

plate resonator. The model matches experimental data well (Fig. 5.5a and 5.5c) for the
first 4 modes. Note that no fitting parameters were used with only the thickness mea-
sured from AFM and elastic constants [117] of As2S3 added as an input to the FEM sim-
ulations. For higher modes we observe a discrepancy between the measured position of
the resonance peak and the model, which could be due to a larger sensitivity of higher
modes to perturbations and imperfections of the system [134]. We show 6 modes ob-
tained from FEM simulation together with 5 experimentally detected modes in Fig. 5.5c
to emphasize that the highest measured mode could not be precisely identified but is
likely to be related to either the 5th or 6th mode of the resonator. Interestingly, as can be
seen in Fig. 5.5a, an avoided crossing is expected when the long side of the rectangular
membrane with b/a = 2 aspect ratio makes an angle of 40◦ with respect to the c-axis of
the crystal. This unique feature could be potentially used in further studies of strong
intrinsic coupling and internal resonances between modes in rectangular resonators of
different ratio of sides [213].

5.2. CONCLUSIONS

In conclusion, we combined optical and mechanical characterisation techniques to ob-
tain a comprehensive picture of the in-plane anisotropy in arsenic trisulfide. Using
polarization-dependent Raman spectroscopy and force-deflection AFM in a star-shaped
geometry of rectangular cavities, we systematically characterized the mechanical aniso-
tropy in few-layers of this van der Waals crystal and relate that to its crystalline structure
and orientation. We showed quantitatively that the anisotropy in the Young’s modulus of
As2S3 is close to that of black phosphorus, which is currently known to have the largest
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in-plane Ea
Eb

ratio among 2D crystals [25]. We also demonstrated that this results in a large
orientation-specific change in the resonance frequency of higher vibrational modes in
As2S3 resonators. These mechanical properties make As2S3 an interesting alternative
to black phosphorus for applications in flexible strain-dependent optoelectronical de-
vices [185], while stability in air makes it a promising material for further integration
into optomechanical nanodevices as well as for research of anisotropic nonlinear me-
chanics in the 2D limit. We also believe that, due to its high flexibility [117, 211, 212] and
pronounced optoelectronic properties [201, 209], As2S3 has perspectives to find appli-
cations in atomically thin optical waveplates [179], and to become an interesting candi-
date material for polarization-sensitive flexible photoconductors [187, 188] and acousto-
optic modulators [189].

5.3. APPENDIX

A1: STABILITY AND PHOTODEGRADATION OF AS2S3
Photodegradation is a significant problem in the study of As2S3, since the band-gap of
2.6 eV [185] lies in the visible range of frequencies - in the blue part of a spectrum. We
found out that the process of photodegradation depends both on the power of irradia-
tion and on the wavelength. When the sample was exposed to radiation for a long pe-
riod of time it turned into an amorphous form (Fig. 5.6a), thus destroying the lattice of
the crystalline As2S3. Figure 5.6 shows the degradation of the crystal in time with the
corresponding time constants, τ that are determined by fitting the exponential decay of
the Raman peak intensity. One may notice that τ depends linearly on logP for the red
laser used in this experiment. A similar situation was observed for the blue laser with
much shorter time constants. Thus, we conclude that the photodegradation has a trend
towards speeding up when approaching the band gap of a material.

It is interesting that this process, in fact, cannot be called photo-decomposition,
since we did not observe any traces of separate arsenic/sulfur components or oxides in
SEM and EDX (Fig. 5.7). This effect could be compared with a study carried out by Fru-
mar et al. [210], who showed that under radiation As2S3 did not decompose, but turned
into an amorphous form according to a mechanism, where the kinetic barrier between
the crystalline and amorphous form was significantly lowered under the influence of vis-
ible light. Perhaps, this process can be slowed down when encapsulating As2S3 in hBN
(as in the case of black phosphorus [214]); however, this question is outside the scope of
this work. Nevertheless, at sufficiently low red laser intensities it is possible to stay in a
relatively stable crystal configuration for hours.

A2: POLARIZED LIGHT MICROSCOPY

As2S3 is potentially one of the most birefringent 2D layered crystals known, with ∆n ≈
0.35: nγ ≈ 3.0 (E ||a), nβ ≈ 2.6 (E ||c) for visible light frequencies [201]. We can use this
property to find the crystalline orientation of a particular flake by means of Polarized
Light Microscopy (PLM) by observing the intensity change due to conversion of linear
to circular/elliptical polarization on a sample between crossed polarizers. When linearly
polarized light is incident in parallel to one of the optical axes of the crystal, the polar-
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Figure 5.6: Stability of crystalline As2S3 in air. a Raman spectrum of a crystal measured at different red laser
power. At a high power, the Raman spectrum of amorphous-As2S3 is dominating the response. b Power-
dependent photodegradation of a crystal (h ≈ 20 nm) at λblue = 488 nm excitation. c Power-dependent pho-
todegradation of a crystal (h ≈ 20 nm) at λred = 632 nm excitation. Inset: time constant of degradation as a
function of laser power.

ization of incident light is not modified due to interaction with only one ray component
of the biaxial birefringent material (β or γ). At other angles, polarization is rotated such
that it can pass through the crossed polarizer on the way back. As shown in Fig. 5.8, four
intensity minima are observed when a polarization of incident light matches one of the
optical axes in a crossed polarizer configuration.

The intensity profile can be described as [177]:

∆Irefl(θ) ∝ [I45◦ − Isub]sin2θ ,

where I45◦ is reflected intensity at θ = 45◦ between a crystal axis and the polarizer, and
Isub the reflected intensity form a substrate. This way we deduct directions of the optical
axes from a PLM polar diagram (Fig. 5.8) and correlate these to other properties of the
material.

A3: POLARIZATION-DEPENDENT RAMAN SPECTROSCOPY
Arsenic trisulfide exhibits a strong optical in-plane anisotropy. Such a strong anisotropy
proceeds directly from the symmetry of a single layer. Interestingly, the symmetry of a
bulk As2S3 crystal is different from a monolayer. A monolayer is assigned to the Pnm21
space-group or C 7

2v point-group symmetry. In the bulk case, the three-periodic crys-
talline symmetry should become P21/n (C 5

2h) with 2 layers contained in a unit cell. These
are related through a correlation table [202–204, 207]. It has been experimentally shown
[202–204, 206] that the layer symmetry, C2v , rather than the three-dimensional symme-
try, dictates the Raman spectrum of the material. We therefore further label these modes



5.3. APPENDIX

5

57

0 1 2 3 4 5 6
0

400

800

1200

C
ou

nt
s

Energy (keV)

As
S

Orpiment

Figure 5.7: Typical energy-dispersive X-ray spectrum (EDX) of a As2S3 mineral. Inset: photo of an orpiment
crystal. Scale: 0.5 cm.

0°

30°

60°
90°

120°

150°

180°

210°

240°
270°

300°

330°

6

8

10

12

6

8

10

12

Δ
I R
ef
l.
(a
.u
.)

P

A

0o

P

A

γβ
r'

45o

P

A

90o

λ~530nm

ba

c d

Figure 5.8: Sample viewed in a polarized light microscope. Example of the determination of crystallographic
axes of a particular flake.

according to the layer symmetry which is consistent with the assignment broadly dis-
cussed and proposed in early works [202–207].

Looking from the molecular perspective [204, 215, 216], the layers of As2S3 are formed
by AsS3 pyramids that are linked by As-S bonds producing As-S-As chains. Modes that
are associated with stretching vibration of AsS3 pyramids are expected at ∼ 310 cm−1 and
near ∼ 345 cm−1. Modes near ∼ 130 and ∼ 160 cm−1 are also related to vibrations of AsS3

pyramids. Higher modes around 380-430 cm−1 are likely to be associated with stretching
of As-S-As bridges. Also, additional bands are expected at ∼ 55 and ∼ 218 cm−1 that are
the modes associated with As-S-As vibrations. Intensity of many of these were observed
to be dependent on the polarization configuration of the experiment [202, 203, 206, 207].
Thus, most of the Raman modes (excl. Rigid Layer modes [217]) could be explained by
taking into account the polarization of incoming and scattered waves relative to crystal



5

58 5. MECHANICALLY ANISOTROPIC MEMBRANES OF AS2S3

axes (E ||a and E ||c). This property makes it possible to observe a strong dependence on
the polarization angle in the intensity of Raman modes for any number of layers.
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Figure 5.9: Angle-dependant Raman spectra. a Typical Raman spectra of a bulk As2S3 crystal (h > 50 nm) for a
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We investigated the Raman spectrum of As2S3 as a function of incident polarization an-
gle, under an intrinsic linear polarization of the laser in a Raman setup. In Fig. 5.9 a typ-
ical Raman spectrum with the polarization oriented in the plane of the two crystalline
axes (a and c) is shown. A similar picture is observed for samples with different layer
thicknesses; however, when attempting to measure thin flakes (< 5 nm), the Raman sig-
nal was found to be too low to distinguish it from Si spectrum arising from a SiO2/Si
substrate.
For a thicker crystal (> 50 nm), we measured the spectrum as a function of a polariza-
tion angle. The observed anisotropy in the Raman signal can be analyzed from the point
of view of group theory. For Pnm21 (C 7

2v ) there should be 27 optical phonon modes
in the Γ-point of the Brillouin Zone, which gives an irreducible representation: Γ−P =
7A1 +7A2 +7B1 +6B2. All modes are Raman active. A1 and B2 modes are both Raman
and infrared active. Taking into account the Placzek approximation [218], the Raman
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intensity of each such phonon mode should be described as:

I ∝|ei ·R̃ ·es |2 , (5.3)

where ei ,s is the electric polarization of the unitary vectors of the incident and scattered
light and R̃ is the Raman tensor. Raman tensors of all active modes in As2S3 are given
by:

R̃(A1) =
|a|e iφa 0 0

0 |b|e iφb 0
0 0 |c|e iφc

 R̃(A2) =
 0 |d |e iφd 0
|d |e iφd 0 0

0 0 0



R̃(B1) =
0 0 0

0 0 |e|e iφe

0 |e|e iφe 0

 R̃(B2) =
 0 0 | f |e iφ f

0 0 0
| f |e iφ f 0 0

 .

It should be noted that elements of the Raman tensor are written taking into account
a complex phase, as a result of the fact that under red light absorption still plays a role
[209]. Thus, for the backscattering geometry and taking into account the axes of the
crystal: ei ,s = (cosθ, 0, sinθ). Since only non-zero solutions give a contribution to Raman
spectra, only the modes A1 and B2 are active in the given experimental configuration.
Using the Raman tensors mentioned above, we obtain the following equations for the
Raman intensity of each mode:

I A1 ∝|a|2
[∣∣∣∣1+( |b|

|a| −1

)
sin2θ

∣∣∣∣2

+ 1

2

|b|
|a| sin2 2θ(cosφba −1)

]
, (5.4)

IB2 ∝| f |2 sin(2θ)2 + r 2 . (5.5)

It is worth noting that the complex phase does not contribute to the mode B2; however,
at θ ∼ 0◦, we do not observe a zero of intensity. This means that for this mode it is neces-
sary to make a correction to account for non-ideal analyzer extinction ratio to efficiently
cut off components other than the original incident linear polarization. This approach
makes it possible to obtain a decent fit of data and to show that Raman modes active
in this configuration are only A1 and B2, which correlates well with the interpretation
proposed by Zallen et al. [202].

A4: DERIVATION OF FORCE-DEFLECTION EQUATION FOR A RECTANGULAR

PLATE WITH PRE-TENSION
A rectangular plate with in-plane dimensions a and b and thickness h is considered in
an orthogonal coordinate system (O; x, y , z) (Fig. 5.10).

Three displacements u, v , and w , are used to describe the plate middle surface defor-
mation. Based on classical plate theory, the displacements u1, u2, u3 in x, y , z directions,
respectively, of an arbitrary point of the plate are given by:

u1 = u − z
∂w

∂x
, u2 = v − z

∂w

∂y
, u3 = w . (5.6)

The strain-displacement relations can be written as:

εx = εx,0 + zkx , εy = εy,0 + zky , γx y = γx y,0 + zkx y , (5.7)
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Figure 5.10: Schematics of a thin plate model.

where by considering non-linear terms of the von Kármán type:

εx,0 = ∂u

∂x
+ 1

2

(
∂w

∂x

)2

, εy,0 = ∂v

∂y
+ 1

2

(
∂w

∂y

)2

, γx y,0 = ∂v

∂x
+ ∂u

∂y
+ ∂w

∂x

∂w

∂y
, (5.8)

kx =−∂
2w

∂x2 , ky =−∂
2w

∂y2 , kx y =−2
∂2w

∂x∂y
. (5.9)

The elastic strain energy of a thin rectangular plate is given by [219]:

Up = 1

2

Eh

1−ν2

∫ a

0

∫ b

0

{
ε2

x,0 +ε2
y,0 +2νεx,0εy,0 + 1−ν

2
γ2

x y,0

}
dxdy

+ 1

2

Eh3

12(1−ν2)

∫ a

0

∫ b

0

{
k2

x +k2
y +2νkx ky + 1−ν

2
k2

x y

}
dxdy

+ 1

2
N0

∫ a

0

∫ b

0

{(
∂w

∂x

)2

+
(
∂w

∂y

)2}
dxdy ,

(5.10)

where E is the Young’s modulus, ν is the Poisson’s ratio and N0 is a uniform pre-tension.
The virtual work done by a concentrated transverse force at (x̃ = a/2, ỹ = b/2) is given by
[219]

W =
∫ a

0

∫ b

0
f̃ wδ(x − x̃)δ(y − ỹ)dxdy = f̃ w |x=x̃,y=ỹ , (5.11)

where f̃ is the force amplitude and δ is the Dirac delta function.
It is assumed that the plate is simply supported and the edges can move only in the
direction orthogonal to the edge (simply supported movable edges). The boundary con-
ditions are [219]:

v = 0, w = 0, Nx = 0, Mx = 0, at x = 0, a, (5.12)

u = 0, w = 0, Ny = 0, My = 0, at y = 0, b,

where Nx , Ny are the in-plane force resultants and Mx , My are the moment resultants.
They can be obtained in terms of middle-surface strains as:

Nx = Eh

1−ν2

(
εx,0 +νεy,0

)
, Ny = Eh

1−ν2

(
εy,0 +νεx,0

)
, (5.13)
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Mx =−D
(
kx +νky

)
, My =−D

(
ky +νkx

)
,

where D is the bending rigidity of the plate defined as: D = Eh3

12(1−ν2)
. The suitable

eigenfunctions that satisfy the geometric boundary conditions 5.12 are:

u
(
x, y

)= M̃∑
m=1

Ñ∑
n=1

um,n cos(mπx/a)sin(nπy/b), (5.14)

v
(
x, y

)= M̃∑
m=1

Ñ∑
n=1

vm,n sin(mπx/a)cos(nπy/b),

w
(
x, y

)= M∑
m=1

N∑
n=1

wm,n sin(mπx/a)sin(nπy/b),

where m and n are the number of half-waves in the x and y directions, respectively; um,n ,
vm,n , wm,n , are the generalized coordinates. M̃ and Ñ indicate terms in the expansion of
the in-plane displacements and are usually larger than M and N , which are the necessary
terms in the expansion of transverse deflection. The convergence and accuracy of the
solution can be examined by using different number of terms in the expansions 5.14.
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Figure 5.11: Coefficients obtained from calculations and corresponding equations of the best fit.

The discretized equilibrium equations can then be obtained as:

∂U

∂q j
= ∂W

∂q j
, j = 1, ..., N̄ , (5.15)
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where q j are the degrees-of-freedom (DoF) which are elements of the generalized co-

ordinates vector q = {
um,n vm,n wm,n

}T and N̄ is the total number of DoF. In our study,
in order to obtain good convergence, N̄ = 201 yielding the same number of algebraic
equations, obtained by setting Ñ = M̃ = 19, M = N = 1, and neglecting even number of
half-waves. The reason for including only odd half-waves in the solution is because the
concentrated force is acting at the center of the plate and thus, even half-waves do not
contribute to the response. The final equation of motion can be simplified to:

c1Ew1,1 + c2N0w1,1 + c3Ew3
1,1 = f̃ w1,1 , (5.16)

in which ci (i = 1,2,3) are constants that are determined by solving the 200 equations
governing the in-plane motion, in terms of w1,1, and inserting the outcome in the sole
non-linear equation governing the motion in transverse direction.
Following previous works on isotropic rectangular plates and membranes [131, 220] and
setting w1,1 = δ, Eq. 5.16 can be rewritten as follows:

F = c1Eeffδ+ c2N0δ+ c3Eeffδ
3

= Eeffh
3

12α(a,b) (1−ν2)a2 δ+C2(a,b)N0δ+C3(ν, a,b)
Eeffh

a2 δ3.
(5.17)

From the calculations we empirically deducted the geometry correction factor α(a,b)
and coefficients C2(a,b) and C3(ν, a,b) as a function of b/a ratio (Fig. 5.11). We approxi-
mate [131, 220] C3(ν) as C3(ν, a,b) = c0(a,b)

(1−ν2)n , which gives a reasonable fit to the calculated
C3 values.

A5: FIT OF THE EFFECTIVE YOUNG’S MODULUS
Mechanical response of As2S3 is a typical example of deflection of a highly anisotropic
thin plate [182, 221]. Since this system is of a quasi-2D structure for orthogonal deflec-
tions, the elastic constants and moduli can be written from the Hooke’s law under plane-
stress condition with respect to the crystalline axes (abc):σaa

σcc

σac

= 1

1−νacνca

 Ea νcaEa 0
νac Ec Ec 0

0 0 Gac (1−νacνca)

 εaa

εcc

2εac

 ,

where Ei = σi
εi

is the Young’s modulus along the axis of i , νi j =−dε j

dεi
is the Poisson’s ratio

with tensile strain applied in the direction i and the response strain in the direction j ,
and Gac is the shear modulus on the ac plane of a crystal. For a quasi-2D system, the
Young’s modulus along an arbitrary direction at angle θ to the a-axis of a crystal can be
derived using the following equation [182]:

Eeff(θ) = 1
1

Ea
cos4θ+ ( 1

Gac
− 2νac

Ea
)sin2θcos2θ+ 1

Ec
sin4θ

. (5.18)

Note that this direction-specific effective Young’s modulus, Eeff(θ) is pronounced at large
aspect ratio of sides (a and b), so that Eq. 5.17 and 5.18 can be only applied when b À
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a. When extracting an effective Young’s modulus from force-deflection AFM curves,
ν = 0.306 [211, 212] was used, which is a good approximation for ν2 = νacνca consid-
ering C11 = 99.6±1.0 GPa, C33 = 21.9±1.4 GPa and C13,31 = 20.6±1.9 GPa found for c-
As2S3 in literature [117]. Using the same approximation, ν= 0.306 ≈ νac to fit the angle-
dependant effective Young’s modulus, Gac should be now written as an effective shear
modulus Geff.
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Figure 5.12: Geff estimation. a Fit for different values of the effective shear. b Statistics of extracted effective
shear modulus for flakes ranging from 9 to 25 nm in thickness.

We now rewrite equation 5.18 as:

Eeff(θ) = 1
1

Ea
cos4θ+ ( 1

Geff
− 2ν

Ea
)sin2θcos2θ+ 1

Ec
sin4θ

, (5.19)

and fit this equation to the measured data. For As2S3 we experimentally found Geff =
28.0±2.5 GPa, which is close to the typical value found in literature [117]: C55 = Gac =
24.0±0.8 GPa for bulk As2S3.

A6: MECHANICAL PROPERTIES OF THE SYNTHETIC LAB-GROWN AS2S3
In natural van der Waals crystals the number of defects, as well as the interlayer stack-
ing faults, can potentially affect the mechanical properties and anisotropy of a crystal.
Since for the natural As2S3 crystal these properties are unknown, to confirm our findings
we have performed an additional study on the commercially purchased synthetic lab-
grown crystal. According to the information provided by a manufacturer, these crystals
have perfect stoichiometry, large domain size, minimal defect density (1 part in 100,000
unit cells), and perfected purity level (99.9998%).

Using mechanical exfoliation and all-dry viscoelastic stamping, we fabricated the
suspended sample of 15.7± 0.4 nm thickness as measured by tapping mode AFM (see
Fig. 5.13a, inset). Using the force-deflection AFM technique and the experimental pro-
cedure described in Fig. 5.3, we have obtained corresponding force-deflection curves
for each of 12 rectangular membranes (see Fig. 5.13). We fit the data using Eq. 5.17
to extract effective Young’s Modulus for each orientation. The obtained Eeff is shown
in Fig. 5.13b and fitted using Eq. 5.18. The crystalline orientation was then found us-
ing Raman spectroscopy as described in Fig. 5.13c. For synthetic As2S3, we experimen-
tally found Ea = 67.7± 4.7 GPa, Ec = 38.9± 3.5 GPa, and Geff = 22.8± 2.8 GPa and thus



5

64 5. MECHANICALLY ANISOTROPIC MEMBRANES OF AS2S3

anisotropy factor of 1.74. These values are consistent with Ea and Ec found for the natu-
ral crystal within the range of statistical uncertainty.
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Figure 5.13: Detailed angle-resolved study of the Young’s modulus of synthetic As2S3. a Force-deflection curves
obtained at different angles of a rectangular cavity with respect to crystalline axes. Top inset: Tapping mode
AFM image of the sample. Scale bar: 3 µm. Bottom inset: Tapping mode AFM height profile along the dashed
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A7: WAVELENGTH- AND POLARIZATION-DEPENDENT RAMAN SPECTROSCOPY

OF SYNTHETIC AND NATURAL AS2S3 CRYSTALS
In order to check impact of laser excitation wavelength on the Raman anisotropy for both
natural and synthetic crystal, we have performed additional detailed angle-resolved po-
larization dependent studies. Following the approach described in Appendix A3, we use
the backscattering geometry in the parallel-polarized (ei ||es ) configuration. Figure 5.14
shows the measured data for each combination of crystal origin and wavelength. As ex-
pected, considering what was previously found in similar systems [222, 223], there was a
certain change of parameters a, b and φba (see Eq. 5.4 and Appendix A3) for symmetry
of Raman modes at each particular wavelength. The origin of this change is unknown,
but the symmetry and orientation of the modes used to determine the crystalline axis in
this work remains the same.
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Figure 5.14: Wavelength- and polarization-dependant Raman spectra measured at 3 different excitation wave-
length. a-f Top: Polarization-dependence of the normalized Raman intensity spectra. Bottom: Normalized
intensity of vibrational modes 154, 202 and 309 cm−1 as a function of polarization and wavelength of excita-
tion. Left column a-c - natural As2S3 and right column d-f - synthetic As2S3.
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Part Three

Nanomechanical probe
of phase transitions
Chapters 6, 7, 8 and 9





6
NANOMECHANICS OF

ANTIFERROMAGNETS NEAR THE

PHASE TRANSITION

The reduced dimensionality of two-dimensional (2D) materials results in characteristic
types of magnetically and electronically ordered phases. However, only few methods are
available to study this order, in particular in ultrathin insulating antiferromagnets that
couple weakly to magnetic and electronic probes. In this chapter, we demonstrate that
phase transitions in thin membranes of 2D antiferromagnetic FePS3, MnPS3 and NiPS3

can be probed mechanically via the temperature-dependent resonance frequency and qual-
ity factor. The observed relation between mechanical motion and antiferromagnetic order
is shown to be mediated by the specific heat and reveals a strong dependence of the Néel
temperature of FePS3 on electrostatically induced strain. It thus offers the potential to
characterize phase transitions in a wide variety of materials, including those that are an-
tiferromagnetic, insulating or so thin that conventional bulk characterization methods
become unsuitable.

Parts of this chapter have been published in Nature Communications 11, 2698 (2020) by Makars Šiškins, Mar-
tin Lee, Samuel Mañas-Valero, Eugenio Coronado, Yaroslav M. Blanter, Herre S. J. van der Zant and Peter G.
Steeneken
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N ANOMECHANICAL resonators made of two-dimensional (2D) materials offer inter-
esting pathways for realizing high-performance devices [89, 224]. Unique func-

tionalities and phenomena emerge when combining nanomechanics with the types of
magnetic and electronic phases that have recently been uncovered in 2D materials like
magic-angle induced phase transitions [225, 226], 2D Ising antiferromagnets [45] and
ferromagnetism in 2D atomic layers [46, 47] and heterostructures [42]. Only a few meth-
ods are available to study these phases in 2D materials [30, 42, 45–47]. A universal
method to characterize phase transitions in bulk crystals is via anomalies in the specific
heat, that are present at the transition temperature according to Landau’s theory [106].
However, specific heat is difficult to measure in thin micron-sized samples with a mass
of less than a picogram [79, 127].

We demonstrate that these phases are strongly coupled to mechanical motion: the
temperature dependent resonance frequency and quality factor of multilayer 2D ma-
terial membranes show anomalies near the phase transition temperature. Although
coupling between mechanical and electronic/magnetic degrees of freedom might not
seem obvious, the intuitive picture behind this coupling is that changes in the elec-
tronic/magnetic order and entropy in a material are reflected in its specific heat, which
in turn results in variations in the thermal expansion coefficient that affect the tension
and resonance frequency. As the specific heat near a phase transition is expected to
exhibit a discontinuity [106], the temperature dependent resonance frequency of a sus-
pended membrane can thus be used to probe this transition.

The coupling of mechanical degrees of freedom to magnetic and electronic order is
attributed to thermodynamic relations. Nanomechanical resonators, therefore, offer the
potential to characterize phase transitions and realize device concepts in a wide variety
of systems, not restricted only to van der Waals materials but including those that are ul-
trathin, antiferromagnetic or insulating [42]. Here, we use nanomechanical motion to in-
vestigate magnetic order in membranes of semiconducting FePS3, and subsequently dis-
cuss NiPS3 and insulating MnPS3 - antiferromagnetic members of the transition-metal
phosphor trisulphides (MPS3) [58].

6.1. RESULTS

6.1.1. ANTIFERROMAGNETIC MECHANICAL RESONATORS

FePS3 is an Ising-type antiferromagnet with a Néel temperature in bulk in the range of
TN ∼ 118− 123 K [45, 58, 227], exhibiting a distinct feature in its specific heat near TN

[227]. Ionic layers in FePS3 are stacked in van der Waals planes, that can be exfoliated
to thin the crystal down with atomic precision [45]. Using mechanical exfoliation and
all-dry viscoelastic stamping [112], we transfer thin flakes of FePS3 over circular cavities
etched in an oxidised Si wafer, to form membranes (see the inset in Fig. 6.1a). Suspended
FePS3 devices with thicknesses ranging from 8 to 45 nm are placed in a cryostat and
cooled down to a temperature of 4 K. The resonance frequency of the nanodrums is then
characterized using a laser interferometry technique [136] (see Fig. 6.1a and Chapter 3).

The resonance frequency of the fundamental membrane mode, f0(T ), is measured
in the temperature range from 4 to 200 K. Typical resonances are shown in Fig. 6.1b-d in
the antiferromagnetic phase (80 K), near the transition (114 K) and in the paramagnetic
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Figure 6.1: Characterisation of mechanical resonances in a thin antiferromagnetic FePS3 membrane. a Laser
interferometry setup. Red interferometric detection laser: λred = 632 nm. Blue actuation laser diode: λblue =
405 nm. VNA - Vector Network Analyzer, CM - Cold Mirror, PBS - Polarizing Beam Splitter, PD - Photodiode, LD
- Laser Diode. All measurements are performed at incident laser powers of Pred < 10 µW and Pblue < 0.6 µW.
It is checked for all membranes that the resonance frequency changes due to laser heating are insignificant.
Inset: optical image of a FePS3 membrane, including electrodes introducing an option for electrostatic control
of strain in the membrane. Flake thickness: 45.2±0.6 nm; membrane diameter: d = 10 µm. Scale bar: 30 µm.
b-d Amplitude (A) and phase (φ) of the fundamental resonance at three different temperatures for the device
shown in a. Filled dots - measured data; solid lines - fit of the mechanical resonance used to determine f0 and
Q [136].

phase (132 K), respectively. Figure 6.2a shows f0(T ) of the same FePS3 membrane (solid
blue curve). Near the phase transition, significant changes in amplitude, resonance fre-
quency and quality factor are observed.

6.1.2. RESONANCE AND SPECIFIC HEAT
To analyze the data further, we first analyze the relation between f0 and the specific heat.
The decrease in resonance frequency with increasing temperature in Fig. 6.2a is indica-
tive of a reduction in strain due to thermal expansion of the membrane. The observed
changes can be understood by considering the resonance frequency of a bi-axially ten-
sile strained circular membrane:

f0(T ) = 2.4048

πd

√
E

ρ

ε(T )

(1−ν)
, (6.1)

where E is the Young’s modulus of the material, ν its Poisson’s ratio, ρ its mass density,
ε(T ) the strain and T the temperature. The linear thermal expansion coefficient of the
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Figure 6.2: Mechanical and thermal properties properties of a FePS3 resonator with membrane thickness of
45.2±0.6 nm. In all panels, dashed vertical lines indicate the detected transition temperature, TN = 114±3 K
as determined from the peak in the temperature derivative of f 2

0 . a Solid blue line - measured resonance fre-

quency as a function of temperature. Solid magenta line - temperature derivative of f 2
0 . b Solid blue line - ex-

perimentally derived specific heat and corresponding thermal expansion coefficient. Solid magenta line - the
theoretical calculation of the magnetic specific heat as reported in Takano et al. [227] added to the phononic
specific heat from Debye model (dashed magenta line) with a Debye temperature of ΘD = 236 K [227]. c Me-
chanical quality factor Q(T ) of the membrane fundamental resonance. d Solid orange line - measured me-
chanical damping Q−1(T ) as a function temperature. Solid blue line - normalized cv(T )T term [228, 229] (see
Appendix A3), with cv(T ) taken from b.

membrane, αL(T ), and silicon substrate, αSi(T ), are related to the strain in the mem-
brane [140] as dε(T )

dT ≈ −(αL(T )−αSi(T )), using the approximation αSiO2 ¿ αSi (see Ap-

pendix A1). By combining the given expression for dε(T )
dT with Eq. 6.1 and by using the

thermodynamic relation αL(T ) ' γcv(T )/(3K VM) [230] between αL(T ) and the specific
heat (molar heat capacity) at constant volume, cv(T ), we obtain:

cv(T ) ' 3αL(T )
K VM

γ
= 3

(
αSi − 1

µ2

d[ f 2
0 (T )]

dT

)
K VM

γ
. (6.2)

Here, K is the bulk modulus, γ the Grüneisen parameter, VM = M/ρ the molar volume of

the membrane and µ = 2.4048
πd

√
E

ρ(1−ν) , that are assumed to be only weakly temperature

dependent. The small effect of non-constant volume (ν 6= 0.5) on cv is neglected.
We use Eq. 6.2 to analyze f0(T ) and compare it to the calculated specific heat for
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FePS3 from literature [227]. In doing so, we estimate the Grüneisen parameter following
the Belomestnykh−Tesleva relation γ ≈ 3

2

( 1+ν
2−3ν

)
[230, 231]. This is an approximation to

Leont’ev’s formula [232], which is a good estimation of γ for bulk isotropic crystalline
solids within ∼ 10% of uncertainty [230]. Furthermore, we use literature values for the
elastic parameters of FePS3 as obtained from first-principles theoretical calculations [59]
to derive E = 103 GPa, ν= 0.304 and ρ = 3375 kg m−3.

6.1.3. DETECTING PHASE TRANSITIONS
In Fig. 6.2a, the steepest part of the negative slope of f0(T ) (solid blue curve) leads to a

large peak in
d( f 2

0 (T ))
dT (solid magenta curve) near 114 K, the temperature which we define

as TN and indicate by the vertical dashed lines. In Fig. 6.2b the specific heat curve of
FePS3 (blue solid line) as estimated from the data in Fig. 6.2a and Eq. 6.2 is displayed.
The results are compared to a theoretical model for the specific heat of FePS3 (magenta
solid line in Fig. 6.2b), which is the sum of a phononic contribution from the Debye
model (magenta dashed line) and a magnetic contribution as calculated by Takano et al.
[227]. It is noted that other, e.g. electronic contributions to cv(T ) are small and can be
neglected in this comparison, as is supported by experiments on the specific heat in bulk
FePS3 crystals [227]. The close correspondence in Fig. 6.2b between the experimental
and theoretical data for cv(T ) supports the applicability of Eq. 6.2. It also indicates that
changes in the Young’s modulus near the phase transition, that can be of the order of a
couple of percent [40, 41], are insignificant and that it is the anomaly in cv of FePS3 which

produces the observed changes in resonance frequency and the large peak in
d( f 2

0 )
dT visible

in Fig. 6.2a.

6.1.4. EFFECT OF STRAIN
The abrupt change in cv(T ) of the membrane can be understood from Landau’s theory
of phase transitions [106]. To illustrate this, we consider a simplified model for an anti-
ferromagnetic system, like FePS3, with free energy, F , which includes a strain-dependent
magnetostriction contribution (see Appendix A2). Near the transition temperature and
in the absence of a magnetic field it holds that:

F = F0 + [a(T −TN)+ζ(ε)]L2
z +BL4

z . (6.3)

Here, a and B are phenomenological positive constants, Lz is the order parameter in
the out-of-plane direction and ζ(ε) = ηi j εi j , a strain-dependent parameter with ηi j a
material-dependent tensor, that includes the strain and distance dependent magnetic
exchange interactions between neighbouring magnetic moments. By minimizing Eq. 6.3
with respect to Lz , the equilibrium free energy, Fmin, and order parameter are obtained
(see Appendix A2). Two important observations can be made. Firstly, strain shifts the
transition temperature according to:

T ∗
N(ε) = TN − ζ(ε)

a
, (6.4)

where T ∗
N is the Néel temperature, below which free energy minima Fmin with finite

order (Lz 6= 0) appear. Secondly, since close to the transition the specific heat follows
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Figure 6.3: Resonance frequency and transition temperature tuning with a gate voltage. a Resonance frequency
as a function of gate voltage at 50 K. Inset - schematics of the electrostatic tuning principle. b Resonance
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G )−TN(0 V) with increasing V DC
G . d Blue solid dots - shift in TN as a function of V DC

G extracted
from the peak position in c. Vertical blue bars - error bar in∆TN estimated from determining the peak position
in c within 2% accuracy in the measured maximum. Orange solid line - model of electrostatically induced
strain ∆ε as a function of V DC

G (see Appendix A4).

cv(T ) =−T ∂2Fmin
∂T 2 , this general model predicts a discontinuity in cv of magnitude T ∗

N
a2

2B at
the transition temperature T ∗

N, in accordance with the experimental jump in cv(T ) and
d( f 2

0 (T ))
dT observed in Fig. 6.2a and b.

6.1.5. TEMPERATURE DEPENDENT Q-FACTOR

We now analyze the quality factor data shown in Fig. 6.2c,d. Just above TN, the qual-
ity factor of the resonance (Fig. 6.2c) shows a significant increase as the temperature
is increased from 114 to 140 K. The resonance frequency and quality factor are related

via causality: f (T ) = f0(T )
√

1− 1
4Q(T )2 . However, for a quantitative change in the Q-

factor next to the phase transition in samples presented in Fig. 6.2c, we expect the effect
on f0(T ) to be of the order of kHz, which is insignificant compared to the change in
frequency up to ∼ 2 MHz. Thus, the observed minimum in the quality factor near the
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phase transition, suggests that dissipation in the material is linked to the thermodynam-
ics and can be related to thermoelastic damping. We model the thermoelastic damping
according to Zener [228] and Lifshitz-Roukes [229] that report dissipation of the form

Q−1 ∝ α2
L(T )

cv(T ) T ∝ cv(T )T (see Appendix A3). Since we have obtained an estimate of cv(T )
from the resonance frequency analysis (Fig. 6.2b), we use this relation to compare the ex-
perimental dissipation Q−1(T ) (orange solid line) to a curve proportional to cv(T )T (blue
solid line) in Fig. 6.2d. Both the measured dissipation and the thermoelastic term display
a peak near TN ∼ 114 K. The close qualitative correspondence between the two quanti-
ties is an indication that the thermoelastic damping related term indeed can account for
the temperature dependence of Q(T ) near the phase transition. We note that the tem-
perature dependent dissipation in thin membranes is still not well understood, and that
more intricate effects might play a role in the observed temperature dependence, as we
discuss in Chapter 11.

6.1.6. ELECTROSTATIC STRAIN

Eq. 6.4 predicts that the transition temperature is strain-dependent due to the distance
dependent interaction coefficient ζ(ε) between magnetic moments. To verify this effect,
we use an 8±0.5 nm thin sample of FePS3 suspended over a cavity of 4 µm in diameter.
A gate voltage V DC

G is applied between the flake and the doped bottom Si substrate to
introduce an electrostatic force that pulls the membrane down and thus strains it (see
Appendix Fig. 6.6 and 6.7). As shown in Fig. 6.3a, the resonance frequency of the mem-
brane follows a W-shaped curve as a function of gate voltage. This is due to two counter-
acting effects [233]: at small gate voltages capacitive softening of the membrane occurs,
while at higher voltages the membrane tension increases due to the applied electrostatic
force, which causes the resonance frequency to increase.

Figure 6.3b shows f0(T ) for six different gate voltages. The shift of the point of steep-
est slope of f0(T ) with increasing V DC

G is well visible in Fig. 6.3b and even more clear

in Fig. 6.3c, where the peak in
d( f 2

0 )
dT shifts 6 K downward by electrostatic force induced

strain. The observed reduction in T ∗
N as determined by the peak position in

d( f 2
0 )

dT qualita-
tively agrees with the presented model and its strain dependence from Eq. 6.4, as shown
in Fig. 6.3d indicative of a reduced coupling of magnetic moments with increasing dis-
tance between them due to tensile strain.

6.2. DISCUSSION
Since the coupling between specific heat and the order parameter in materials is of a
general thermodynamic nature, the presented methodology is applicable to a wide vari-
ety of materials provided that elastic properties of the material and Grüneisen parame-
ter are weakly temperature dependent, the substrate satisfies the condition αsubstrate ¿
αmaterial and that the frequency shifts and changes in Q are large enough to be resolved
(also see Chapter 12 for discussion on electronic phase transitions). We further demon-
strate the method by detecting magnetic phase transitions in NiPS3 and MnPS3.

We measure MnPS3 and NiPS3 membranes with a 10µm diameter and thicknesses of
31.8±1.2 and 35.7±1.1 nm, respectively (see Appendix A5). Comparative study of these
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Figure 6.4: Estimated specific heat (cv) for a MPS3 (M=Fe, Mn, Ni) membranes of h = 45.2±0.6 nm, 31.8±1.2
nm and 35.7± 1.1 nm, respectively. Dashed lines indicate the corresponding transition temperatures (TN):
TN = 76±5 K for MnPS3, TN = 114±3 K for FePS3 and TN = 151±5 K for NiPS3. b Specific heat of ultrathin FePS3
membrane compared to that of its bulk form. Solid blue line - measured cv of the FePS3 ultrathin membrane.
Solid magenta line - cv reported by Takano et al. [227] for a bulk crystal.

is particularly interesting since FePS3 is an Ising antiferromagnet, while the other two are
Heisenberg (MnPS3) and XY (NiPS3) antiferromagnets [58]. We use the measured tem-
perature dependence of the fundamental membrane mode resonance frequency, f0(T ),
to estimate specific heat of these compounds using analysis described above and com-
pare it to the case of FePS3.

In Fig. 6.4a the estimated specific heat for the three MPS3 compounds are displayed,
as determined from the data in Fig. 6.2a and Appendix Fig. 6.8 using Eq. 6.2. Detected
temperatures are indicated by dashed lines and found to be TN = 76± 5 K for MnPS3,
TN = 114±3 K for FePS3 and TN = 151±5 K for NiPS3, which are in agreement with ex-
periments on bulk crystals [58, 227]. Compared to FePS3, the specific heat anomaly near
the phase transitions in MnPS3 and NiPS3 is more gradual with both materials showing
broader maxima in cv(T ) near the TN. This suggests weaker magnetoelastic coupling
in these compounds in comparison to FePS3 [61]. As shown in Fig. 6.4b, for FePS3 we
obtain a good correspondence to bulk literature values [227] (solid magenta curve) with-
out fitting parameters. The transition related peak in cv, however, is more pronounced
in the case of the ultrathin membrane (solid blue curve) than in the bulk. Since the
effect is reproducible (see Appendix A6), it may indicate an additional contribution to
the thermal expansion coefficient near TN in FePS3 membranes related to spontaneous
magnetostriction effect [61] (see Chapter 10 for a detailed discussion).

6.3. CONCLUSION
In conclusion, we have demonstrated that there exist a strong coupling between me-
chanical motion and order in ultrathin membranes of 2D materials. An analytical equa-
tion for the relation between the specific heat of the material and the temperature de-
pendent resonance frequency is derived and shown to be in good agreement with exper-
imental results. Since the materials are utilized in a suspended state, substrate effects on
the electronic and magnetic properties of the thin materials are excluded. The technique
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is not only appealing for the characterisation of ultrathin membranes of antiferromag-
netic and insulating materials that are difficult to characterize otherwise, but also for
the development of device concepts exploiting the unique properties of the materials
involved. It is anticipated that it can be applied to a large range of van der Waals mate-
rials [30, 42], 2D ferromagnets [57], thin 2D complex oxide sheets [2, 234] and organic
antiferromagnets [64].

6.4. APPENDIX

A1: FUNDAMENTAL RESONANCE FREQUENCY OF A CIRCULAR PLATE AND

MEMBRANE
In this section we briefly analyze the resonance frequency of the FePS3 resonators and
show that near the phase transition these are close to the membrane limit. The relative
contribution of the plate term to the frequency of the resonator is largest at room tem-
perature because the membrane tension is the lowest. As shown in Fig. 3.4a of Chapter 3,
at T = 300 K and n0 = 0.1 N m−1 thicker FePS3 samples (h > 40 nm) behave as circular
plates. However, as shown in Fig. 3.4b of the same chapter, in proximity of TN ≈ 114 K
due to temperature-induced strain ε(T ), the resonator behaves close to the membrane
limit over a thickness range from a monolayer to 60 nm, also covering the thickness of
the resonator in Fig. 6.2.

As also shown in Chapter 3, the total strain in the membrane is estimated using
ε(T ) = ε0 −

∫ T
300K(αmaterial(T )−αSi(T ))dT , where ε0 is the intrinsic pre-strain at T = 300 K

[139, 140]. In Fig. 6.5 we show that the thermal expansion coefficient of the silicon sub-
strate [141, 142] (solid magenta line) is small compared to that of FePS3. Therefore, the
total strain in the membrane will mainly build up due toαFePS3 , and this term dominates
the change in resonance frequency, f0(T ) as depicted in Fig. 6.2.
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Figure 6.5: Comparison of thermal expansion coefficients of FePS3 as measured (solid orange line) and as
predicted from the Debye model (solid blue line) to that of the Si substrate (solid magenta line).

A2: ENTROPY IN A SUSPENDED ANTIFERROMAGNET
A uniaxial antiferromagnet with two antiparallel magnetic sub-lattices close to the phase
transition can be modeled by the Landau theory of phase transitions [105, 106]. In this
theory, the vector order parameter L is defined as the difference between the magnetiza-
tions of the two sublattices, M1 and M2 (thus, the antiferromagnetic vector L = M1−M2).
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This order parameter is zero in the paramagnetic phase and is finite in the antiferromag-
netic phase. The magnetization, M, is the sum of both magnetizations (M = M1 +M2)
and equals to zero in the absence of an external magnetic field, H.

For a uniaxial crystal antiferromagnet, the transition temperature is commonly known
as Néel temperature, TN, but, as conveyed by Landau et al. [105, 106], it is also referred
to as the antiferromagnetic Curie temperature and denoted as TC. Note that further we
will consider the Néel temperature, denoted as TN, as the temperature where the transi-
tion from a paramagnetic to an antiferromagnetic phase takes place. Near TN, L is small
and the free energy, F , can be expanded in terms of L and H, since the magnetization is
only non-zero when an external field H is present (i.e. a spin-flop transition). Following
Landau formalism and considering z-axis as the main axis of symmetry, we write (see
e.g. Ref. [106]):

F = F0 + AL2 +BL4 +D (H ·L)2 +D ′H 2L2

− 1

2
χpH 2 + 1

2
β

(
L2

x +L2
y

)
− 1

2
µM

(
H 2

x +H 2
y

)
− H 2

8π
,

(6.5)

where A = a(T −TN), D , D ′, a and B are phenomenological positive constants which are
taken temperature independent, χp the isotropic susceptibility for T > TN, β the index
that describes the temperature dependence of the spontaneous magnetization below TN

(β > 0 for L directed out-of-plane) and µM the magnetic susceptibility in the paramag-
netic phase. The minimization of Eq. 6.5, where the vector L is along the z-axis (thus,
Lx = Ly = 0 and β> 0) and in the absence of field (H = 0), gives Lx = Ly = 0 and Lz = 0 for
T > TN (paramagnetic phase) and Lz =p

a(TN −T )/(2B) for T < TN (antiferromagnetic
phase).

Now we introduce strain. For an easy-axis antiferromagnet near TN with the vector L
along the z-axis and in the absence of field, we can write Eq. 6.5 as:

F = F0 + AL2 +BL4 + 1

2
β

(
L2

x +L2
y

)
+ζL2

z +ζx L2
x +ζy L2

y , (6.6)

where the last three added terms describe the magnetostriction effects, i.e., the coupling
of magnetic moments to strain; the coefficients ζ, ζx,y are linear combinations of the
components of the strain tensor. We assume that the strain is determined by the defor-
mation of the membrane, and that the back-action exerted by the magnetization on the
strain is negligible. In that case, for the calculation of the order parameter, ζ and ζx,y can
be treated as temperature-independent constants. We also assume that |ζ|, |ζx,y |¿β, so
that even the strained antiferromagnet exhibits an easy-axis. The minimization of Eq. 6.6
gives Lx = Ly = 0, leading to a free energy which only depends on Lz ,

F = F0 + [a (T −TN)+ζ]L2
z +BL4

z . (6.7)

The first observation is that the magnetostriction effects shift the antiferromagnetic phase
transition point. Indeed, the phase transition occurs at the temperature T ∗

N at which the
coefficient multiplying L2

z in Eq. 6.7 vanishes. This gives T ∗
N = TN −ζ/a.

Second, we calculate the behavior of the specific heat close to the phase transition.
Minimizing Eq. 6.7 with respect to Lz , we find the equilibrium free energy, Fmin = F0 −
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a2(T −T ∗
N)2/(4B) in the antiferromagnetic phase, where F0 is the free energy of the para-

magnetic phase. We proceed by calculating the entropy Smin =−∂Fmin/∂T ,

Smin −S0 =
{ −a2(T ∗

N −T )/(2B) T < T ∗
N

0 T > T ∗
N

, (6.8)

where S0 = −∂F0/∂T is the entropy of the paramagnet with S0 the non-magnetic con-
tribution to the entropy. Since the renormalized transition temperature T ∗

N is strain-
dependent, the entropy of the antiferromagnet contains an additional (as compared to
the paramagnetic phase) strain-dependent term. The specific heat near T ∗

N, cv,min =
T∂Smin/∂T , reads

cv,min − cv,0 =
{

T ∗
N a2/(2B) T < T ∗

N
0 T > T ∗

N
, (6.9)

where cv,0 is the non-magnetic contribution to the specific heat. This derivation shows,
in line with Landau theory [105, 106], that the specific heat has a jump at the transition
temperature, T ∗

N.

A3: DISSIPATION AND THERMOELASTIC DAMPING IN VIBRATING MEMBRANES

For a membrane in motion the dissipation Q−1 is defined as the ratio of the energy lost
per cycle to 2π times the stored energy. The total dissipation in a membrane is given by
the sum of all contributing dissipation mechanisms [135]:

Q−1 =Q−1
medium +Q−1

clamping +Q−1
intrinsic +Q−1

other. (6.10)

Q−1
medium is related to losses due to the interaction with a fluid medium or gas and can

thus be neglected in high vacuum. Q−1
clamping is related to the transfer of mechanical

energy to the anchoring substrate, which has a small temperature dependence [135].
Q−1

intrinsic quantifies all intrinsic damping mechanisms of the material, such as thermoe-
lastic damping, internal and surface friction, and phonon-phonon interaction loss. Q−1

other
relates all other possible damping mechanisms, such as electrical charge damping and
magneto-motive damping. In this section we focus on deriving the expression for the
thermoelastic damping. Further derivation in this section follows Zener’s standard lin-
ear solid model [228, 235].

The dissipation is equal to the ratio between the imaginary and real parts of the com-
plex elastic modulus E∗(ω) = E ′(ω)+ iE ′′(ω):

Q−1 = E ′′

E ′ . (6.11)

For a standard linear solid with a single relaxation mechanism, real and imaginary parts
of the complex elastic modulus are given by:

E ′(ω) = Er + (Eu −Er)
ω2τ2

1+ (ωτ)2 , E ′′(ω) = (Eu −Er)
ωτ

1+ (ωτ)2 , (6.12)
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whereω is the resonance eigenfrequency, τ the thermal relaxation time, Er and Eu are the
relaxed (or isothermal) and unrelaxed (or adiabatic) Young’s moduli, respectively (see
Ref. [135, 235] for more details). From Eq. 6.11, the dissipation is then:

Q−1 = (Eu −Er)
ωτ

Er +Eu(ωτ)2 ≈ Eu −Er

Er

ωτ

1+ (ωτ)2 , (6.13)

for (Eu−Er) ¿ Er ≈ Eu. For a standard thermoelastic solid and in the case of thermoelas-
tic damping Q−1

TED, Eq. 6.13 can be rewritten as [228, 229, 235]:

Q−1
TED = Eu −Er

Er
β= Eα2T

cv
β, (6.14)

where α is the thermal expansion coefficient, cv the specific heat and β the thermo-
mechanical parameter, that in Zener’s model is βZ = ωτ

1+(ωτ)2 . The exact expression for
thermoelastic damping and its relation to the thermal properties of solids was found by

Lifshitz and Roukes [229] with βLR = 6
ξ2 − 6

ξ3
sinh(ξ)+sin(ξ)
cosh(ξ)+cos(ξ) , where ξ = πp

2

p
ωτ. Under the

assumption that the temperature dependence of ωτ is small (see Chapter 11 for further
discussions), Eq. 6.14 can be written as:

Q−1
TED ∝ Eα2T

cv
. (6.15)

The close correspondence between this expression and the data in Fig. 6.2d indicates
that this assumption is reasonable.
As could be noted from Eq. 6.2 and assuming the elastic properties of the material and its
Grüneisen parameter to have a negligible temperature dependence at low temperatures,
the thermoelastic damping Q−1

TED is related to the frequency f0 of the resonator as:

Q−1
TED(T ) ∝ Eα2(T )T

cv(T )
∝ cv(T )T ∝−T

d[ f 2
0 (T )]

dT
, (6.16)

where we useα(T ) ∝ cv(T ) and cv(T ) ∝ d[ f 2
0 (T )]
dT according to Eq. 6.2. Therefore, in accor-

dance with our observations, an anomaly (a jump) in the specific heat at the transition

temperature will be visible in both
d[ f 2

0 (T )]
dT and Q−1(T ) if the thermoelastic damping is

the dominating dissipation mechanism near TN.

A4: ELECTRIC FIELD INDUCED STRAIN IN A CIRCULAR FEPS3 MEMBRANE
A constant electrostatic load is applied to the circular membrane with a radius a (see
Fig. 6.6). This results in a uniform curvature R with a maximum deflection δ.
In this system, the electrostatic load is balanced by the total tension ntotal:

ε0(V DC
G )2

2(g0 −δ)2πR2 = 2πntotalR, (6.17)

where ε0 is the vacuum permittivity, V DC
G the applied voltage, g0 the gap size between the

membrane and the bottom silicon plate. For small deflections the radius of curvature
can be approximated as:

R ≈ a2

2δ
, (6.18)
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Figure 6.6: Schematic of the membrane deformation, cross-section view.

so that the tension ntotal becomes:

ntotal =
ε0(V DC

G )2

2(g0 −δ)2

a2

4δ
. (6.19)

The radial strain in such a membrane can be estimated from the arc length [145, 146]:

ε= Rθ−a

a
≈ a2

6R2 . (6.20)

Combining this result with Eq. 6.18 yields:

ε≈ 2δ2

3a2 . (6.21)

From Hooke’s law and including Eq. 6.21, one can write the strain due to deformation as:

n = Eh

1−νε=
2Ehδ2

3a2(1−ν)
, (6.22)

Therefore, the total tension in the membrane, including the thermal expansion induced
tension n0(T ) at a certain temperature T , can be written as:

ntotal = n0(T )+n = n0(T )+ 2Ehδ2

3a2(1−ν)
= ε0(V DC

G )2

2(g0 −δ)2

a2

4δ
, (6.23)

which also can be rewritten as:

V DC
G =

√
2(g0 −δ)2

ε0

(
4δn0(T )

a2 + 8Ehδ3

3a4(1−ν)

)
. (6.24)

As shown in Fig. 6.7a, Eq. 6.24 in combination with 6.21 and 3.6 fits the experimental
data well and is used to provide an estimate of the electrostatically induced strain in the
membrane (see Fig. 6.7b).
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Figure 6.7: a Idealized electrostatically strained membrane model for n0 = 0.01 N m−1, g0 = 285 nm, a = 2
µm, h = 8 nm, E = 103 GPa and ν = 0.304; superimposed with corresponding experimental data. b Estimate
of added radial strain at T = 114 K. The shaded orange region represents an estimated uncertainty from the
accuracy in determining the temperature induced strain (±0.015%) at T = 114 K. Inset - schematics of the
experiment.

A5: MECHANICAL RESONANCES AND SPECIFIC HEAT OF MPS3 (M=FE, NI,
MN)
In addition to FePS3, we measure MnPS3 and NiPS3 membranes with a 10 µm diam-
eter and thicknesses of 31.8± 1.2 and 35.7± 1.1 nm, respectively. At the phase transi-
tion, significant changes in both the resonance frequency (Fig. 6.8a) and quality factor
(Fig. 6.8b) of the MnPS3 membrane are observed. Figure 6.8a shows the resonance fre-

quency (solid blue line) and the corresponding
d( f 2

0 )
dT (solid magenta line) with a peak

that occurs at a temperature similar to the transition temperature from the antiferro-
magnetic phase (< 78 K) to the paramagnetic phase (> 78 K) in the bulk material [227]

and is thus attributed as TN. The temperature dependence of
d( f 2

0 )
dT shows a broad hump

with a smeared peak at TN, which resembles the temperature dependent specific heat
cv(T ) of this material in bulk form [227]. Figure 6.8b shows the mechanical dissipation,
Q−1, that exhibits a local minimum close to TN as well as a local maximum at T ∼ 36 K.

In Fig. 6.8c the resonance frequency of the NiPS3 membrane (solid blue line) is shown

with the corresponding
d( f 2

0 )
dT (solid magenta line). A small peak is noticeable in

d( f 2
0 )

dT near
bulk TN ∼ 155 K indicating the phase transition [236]. However, as shown in Fig. 6.8d, no
significant anomalies in the Q-factor were observed in the case of NiPS3. Compared to
FePS3, the effect of the phase transitions in MnPS3 and NiPS3 on the resonances is more

gradual (see Fig. 6.8a-d) with both materials showing broader maxima in
d( f 2

0 (T ))
dT near

their TN at 76 K and 151 K, respectively, which is consistent with measurements of bulk
crystals [58, 227]. Dissipation measurements, however, do not show a clear peak at TN

like in the case of FePS3.

We calculate the corresponding temperature dependent specific heat cv(T ) for the
three MPS3 samples. Following the methodology described above, we estimate the Grüneisen
parameter following the Belomestnykh−Tesleva relation [231, 237]: γ≈ 3

2

( 1+ν
2−3ν

)
. We use
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Figure 6.8: Mechanical properties of MnPS3 and NiPS3 membranes. Dashed vertical lines indicate transition
temperatures, TN. a Solid blue line - Measured resonance frequency of MnPS3 membrane as a function of
temperature. Solid magenta line - Temperature derivative of f 2

0 . b Measured mechanical damping (Q−1) as
a function temperature. Inset: Optical image of the sample, h = 32.3± 0.4 nm. Scale bar: 40 µm. c Solid
blue line - Measured resonance frequency of NiPS3 membrane as a function of temperature. Solid magenta
line - Temperature derivative of f 2

0 . b Measured mechanical damping (Q−1) as a function temperature. Inset:
Optical image of the sample, h = 35.7±0.5 nm. Scale bar: 30 µm.

reported values for monolayers of FePS3 (C11 = 72.7 N m−1, C12 = 22.1 N m−1 and ρ2D =
2.16×10−6 kg m−2), MnPS3 (C11 = 61.7 N m−1, C12 = 20.2 N m−1 and ρ2D = 2.00×10−6 kg
m−2) and NiPS3 (C11 = 87.0 N m−1, C12 = 23.1 N m−1 and ρ2D = 2.15×10−6 kg m−2) as ob-
tained from first-principles calculations [59, 60]. We convert these to three-dimentional

Young’s modulus E , mass density ρ and Poisson’s ratio ν using E = C 2
11−C 2

12
C11

1
h , ρ = ρ2D

h and

ν= C12
C11

, taking the interlayer distance for the compounds hFePS3 = 0.64 nm, hMnPS3 = 0.65
nm and hNiPS3 = 0.64 nm [67]. The resulting values are E = 103 GPa, ν = 0.304 and
ρ = 3375 kg m−3 for FePS3, E = 85 GPa, ν = 0.327 and ρ = 3076 kg m−3 for MnPS3 and
E = 126 GPa, ν= 0.265 and ρ = 3359 kg m−3 for NiPS3. The resulting calculated specific
heat for the three MPS3 membranes is displayed in Fig. 6.4.

A6: REPRODUCIBILITY OF MEASUREMENTS
In order to assess reproducibility of the measured effect between the samples, we show
the Q−1 data for the FePS3 sample from Fig. 6.2 (Drum 1) compared with the data for one
additional sample (Drum 2) in Fig. 6.9.
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Figure 6.9: Mechanical properties of a FePS3 resonators with membrane thicknesses indicated in a legend.
a Resonance frequency as a function of temperature. b Temperature derivative of f 2

0 for both samples. c

Measured mechanical damping Q−1 as a function temperature.

We choose the sample parameters (i.e., thickness, h, and drum diameter, d) to be
similar for a fair comparison. The features related to phase transition in both frequency
(Fig. 6.9b) and quality factor (Fig. 6.9c) are present in both cases. The drum 2, however,
has a higher pre-stress accumulated in a result of the fabrication, which is concluded
from a notable frequency mismatch in Fig. 6.9a. Some variation in TN of around 2− 3
K can be noted between the samples in Fig. 6.9b, which we attribute to the pre-strain
variation in a result of fabrication since, as we report in Fig. 6.3, T ∗

N of FePS3 is very sen-
sitive to strain. In Fig. 6.10, the Q−1 terms from Fig. 6.9c are displayed and compared to
cv ×T terms for both drums. We note that the position of the peak for Q−1 and cv ×T
corresponds to each other up to the resolution of the measurement.

The results for FePS3 are also well reproducible within a single device (Drum 2) with
no hysteresis observed in both frequency and Q-factor for multiple temperature sweeps,
as shown in Fig. 6.11.
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Figure 6.10: Measured mechanical damping Q−1(T ) as a function temperature in filled orange dots in both
panels for samples form Fig. 6.9. Filled blue dots in both panels - normalized cv(T ) T term (see Appendix A3).
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7
TUNABLE STRONG COUPLING

BETWEEN SPATIALLY SEPARATED

FEPS3 NANODRUMS

Coupled nanomechanical resonators made of two-dimensional materials are promising
for processing information with mechanical modes. However, the challenge for these types
of systems is to control the coupling. Here, we demonstrate strong coupling of motion
between two suspended membranes of the magnetic 2D material FePS3. We describe a
tunable electromechanical mechanism for control over both the resonance frequency and
the coupling strength using a gate voltage electrode under each membrane. We show that
the coupling can be utilized for transferring data from one drum to the other by amplitude
modulation. Finally, we also study the temperature dependence of the coupling, and in
particular how it is affected by the antiferromagnetic phase transition characteristic of this
material. The presented electrical coupling of resonant magnetic 2D membranes holds
promise of transferring mechanical energy over a distance at low electrical power, thus
enabling novel data readout and information processing technologies.
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N ANO-ELECTROMECHANICAL systems (NEMS) are attracting attention of the scien-
tific community for their potential to study novel quantum and electromagnetic

effects at the nanoscale [68–70]. Along with that, micro- and nanoresonators have been
studied for various applications, including sensitive mass detection [71, 72], bandpass
filters with variable properties [73], logic gates [74–76] and signal amplifiers [77]. For in-
stance, arrays of coupled highly-cooperative NEMS and oscillators are already utilized
for the coherent manipulation of phonon populations [238–240], and for data process-
ing and storage [70, 241]. Recently, NEMS made out of two-dimensional (2D) materials
have also gained interest due to perspectives for realizing high-performance oscillators
[89, 224] and novel sensor concepts [6]. This is not only due to the atomic thinness of
these devices, but also because the fabrication methodology allows the integration of a
range of materials and their heterostructures, with a wide range of magnetic, optical and
electrical properties, on the same chip [30]. Hence, coupling NEMS resonators made
of 2D materials and heterostructures promises even more interesting implementation
possibilities.

Various studies have reported mechanical coupling between different resonance modes
of the same 2D membrane by mechanical, optical and electronic means [85, 242–244].
However, realisation of coupling between resonances of spatially separated 2D mem-
branes has appeared to be more difficult and was only recently achieved via a mechan-
ical phononic transduction mechanism [245, 246]. A mechanically mediated coupling
mechanism via a phonon bath was demonstrated [245, 246], but although the coupling
could be adjusted via the individual resonance frequencies of the resonators, the cou-
pling strength itself is fixed by the mechanical geometry of the structure that determined
the phonon bath. In order to achieve full control over the coupling, a tunable transduc-
tion mechanism is needed which not only adjusts the degree of coupling between the
resonators, but also regulates their resonance frequencies.

Here, we demonstrate an electrical transduction mechanism for coupling mechan-
ical resonances of two spatially separated membranes made of van der Waals mate-
rial, allowing control over both the resonance frequency and the coupling strength via
gate electrodes. We use the mechanism to strongly couple the fundamental mechanical
modes of two suspended circular antiferromagnetic FePS3 membranes that are sepa-
rated by an edge-to-edge distance of 2 microns. We show that the coupling mechanism
can be utilized for transferring data from one drum to the other, a feature that is useful
in data processing and storage systems. Coupling of magnetic materials like FePS3 is of
interest, since their mechanical resonances can be sensitive to both the magnetic phase
[67] and the magnetisation of that phase [57]. To investigate this, we study the temper-
ature dependence of the coupling strength, and in particular how it is affected by the
antiferromagnetic phase transition at the Néel temperature, TN ∼ 114 K [45, 227].

7.1. RESULTS AND DISCUSSION

7.1.1. SAMPLE FABRICATION

We fabricate two circular suspended FePS3 resonators on top of a Si/SiO2 substrate on
which we define an array of Au bottom gate electrodes. We first patterned the bottom
Au electrodes with a Ti adhesive layer on top of Si/SiO2 substrate using positive resist
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Figure 7.1: Measurement principle and setup. a False-coloured SEM image of the sample. Flake thickness:
25.6 ± 0.4 nm. b Schematics of device and optical measurement principle; j (Vg) is the voltage-dependent
coupling parameter. c Schematics of cross-section of the device, electrically induced force F1,2 and gate voltage
Vg. d Laser interferometry setup. Red laser: λred = 632 nm. Blue laser: λblue = 405 nm. All measurements were
performed at incident laser powers of Pred ≤ 100 µW and Pblue ≤ 1.5 µW, unless stated otherwise. e Detected
resonance peaks for the two suspended drums. Filled dots - measured data, Solid lines - linear harmonic
oscillator fits. f Resonance frequencies ω(Vg) of drums 1 and 2, extracted from fits similar to e. Filled dots -
measured data, Solid lines - continuum mechanics model [143, 145] (see Appendix A1). Blue region indicates
the parameter-space where ω1 = ω2 condition can be met. g Dissipation rate γ(Vg) for two drums extracted
from fits similar as shown in e. Filled dots - measured data; Solid lines - Joule dissipation model [128, 140, 247]
(see Appendix A2).

e-beam lithography. Following that, a layer of HSQ FOX-12 spin-on glass (SOG) are spin-
coated on top of the chip [97]. Subsequently, we anneal the chips in a furnace at 500
◦C in Ar gas for 50 minutes. This cures the spin-on-glass, hardens it and improves the
surface smoothness. This also provides an electrical insulation between subsequently
deposited top layers and the bottom electrode, as indicated in Fig. 7.1. In the following
step, we deposit the top An electrode layer with a Ti adhesive layer by evaporation. Using
an additional Cr layer as a hard mask, we define circular cavities of r = 3µm in radius and
xc = 220 nm in depth by e-beam lithography and reactive ion etching through the SOG.
This exposes the circular bottom An electrode of rg = 2.5 µm in radius on the bottom of
the cavity. The chip fabrication is also described in detail in the previous work [97].

7.1.2. LASER INTERFEROMETRY OF FEPS3 RESONATORS
We transfer a flake of few-layer FePS3 exfoliated from a synthetically grown bulk crystal
[67] over these cavities by a dry transfer technique [112] to create two separated circu-
lar membranes of the same flake as depicted in Fig. 7.1a-c. As shown in Fig. 7.1b, we
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Figure 7.2: Strong coupling of spatially separated FePS3 membrane resonators. Schematics of coupled mem-
brane oscillators: a Mechanical model: m1,2 is the effective mass, k1,2 the effective stiffness, and J (Vg) the
gate voltage dependent coupling parameter. b Electrical model: C1,2 is the capacitance of each drum towards
the gate electrode that is kept at a voltage Vg, Rm the resistance to ground, Cm the capacitance to ground,
and Vm(ωd) the voltage between the membranes. c Sample with a suspended channel between the drums.
Left panel: Weak coupling of motion between spatially separated drums at Vg,1 = 36.9 V and Vg,2 = 0 V and
∆ω=ωd−ω2. Inset: Optical image of the sample. Thickness: 25.6±0.4 nm. Scale bar: 6µm. Right panel: Strong
coupling of motion between spatially separated drums at Vg,1 = 37.2 V and Vg,2 = 30 V. d Sample without a sus-
pended channel between the drums (see Appendix A7). Left panel: Weak coupling of motion at Vg,1 = 32.4 V
and Vg,2 = 0 V. Inset: Optical image of the sample. Thickness: 14.5± 0.3 nm. Scale bar: 6 µm. Right panel:
Strong coupling of motion at Vg,1 = 34.5 V and Vg,2 = 32 V.

focus red and blue lasers on these drums to excite the motion of one and measure the
displacement of the other using a laser interferometry technique, thus probing the cou-
pling between fundamental vibration modes of these membranes. To realize the study
as a function of gate voltage and corresponding electrostatically induced strain for both
drums, we use local electrodes that allow us to individually adjust the gate voltage, Vg,
for each of the resonators (see Fig. 7.1c). The single FePS3 flake, out of which the res-
onators are formed, is contacted via a top metal electrode to ground. A false-coloured
scanning electron microscopy (SEM) image in Fig. 7.1a shows a 25.6±0.4 nm FePS3 flake
suspended over the electrodes forming two separated membrane resonators. The res-
onators are placed in a closed-cycle cryostat with optical access that is connected to a
laser interferometry setup, as shown in Fig. 7.1d.

When operating the laser interferomery technique with both lasers focused at the
same position on the same membrane, we independently characterize the resonance
spectra of the fundamental membrane modes of drums 1 and 2 at a temperature of 4
K as shown in Fig. 7.1e. We fit these spectra to a harmonic oscillator model and extract
the resonance frequencies ω1,2 as a function of Vg, which are displayed with filled blue
and orange dots in Fig. 7.1f. The resonances ω1,2(Vg) of both drums closely follow the
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continuum mechanics model [143, 145], as shown by the solid blue and orange lines in
Fig. 7.1f (see Appendix A1). At certain values of Vg,1 and Vg,2, the frequencies ω1 and ω2

of the corresponding resonance peaks match at ω1 = ω2, as indicated by the light blue
region in Fig. 7.1f. In this regime we can expect an avoided frequency crossing if the ex-
change of the excitation energy between the drums is sufficiently large and the drums
are strongly coupled [70]. The coupling strength is also related to the dissipation 1

Q1,2
of

the resonators involved [238, 242]. Hence, we plot the corresponding mechanical energy
dissipation rates γ1,2 = ω1,2

Q1,2
of the FePS3 membranes in Fig. 7.1g. Measured γ1,2(Vg) fol-

low a parabolic behavior, in accordance with a Joule dissipation model (solid blue and
orange lines, see Appendix A2), which can be attributed to capacitive displacement cur-
rents in the suspended region of the flake [128, 140, 247].

7.1.3. ELECTROMECHANICAL COUPLING MODEL
The mechanical behavior of coupled membrane resonators can be modeled by two cou-
pled resonators, schematically depicted in Fig. 7.2a. The motion of coupled resonators
is described by: {

ẍ1 +γ1ẋ1 +ω2
1x1 = j x2 + fd cosωdt

ẍ2 +γ2ẋ2 +ω2
2x2 = j x1

, (7.1)

where x1,2 are the membrane displacements and fd is the force at a drive frequency ωd.
The coupling parameter j = Jp

m1m2
, where m1,2 is the effective mass, is responsible for

the transfer of energy between the two resonators and thus coupling of the mechanical
motion. Several coupling mechanisms can contribute to J (see Appendix A3). In this
work, we present evidence for an electromechanical coupling mechanism for adjusting
the coupling strength between two 2D material resonators.

Figure 7.2b shows the schematic of the electrical circuit that mediates the coupling
(see Appendix A4). The suspended part of the thin FePS3 flake, that covers the two cav-
ities, is both resistively and capacitively connected to ground via the interface between
the flake and the Au top electrode. We assume that the voltage Vm,DC that is established
between drum 1 to drum 2 is zero since the Au top electrode effectively shunts poten-
tial differences between the drums. However, since the capacitance Cm between the
FePS3 flake and Au top electrode is large, it dominates the electrical coupling of the
flake to ground ( 1

ωdCm
¿ Rm, where Rm is the resistance to ground). As is outlined in

Appendix A4, the optothermal drive of the first drum at non-zero Vg,1 then results in
a non-zero flake voltage Vm,AC that causes an electrostatic force on the second drum,
F2,AC = −Jelx10 sin(ωdt ), where x10 is the amplitude of periodic displacement and the
electrical coupling parameter Jel is given by:

Jel
∼=

(
ε0πr 2

g

)2

Cm

Vg,1 Vg,2

(xc −xg,1)2 (xc −xg,2)2 , (7.2)

where ε0 is the dielectric permitivity of vacuum, xg(Vg) the static deflection at the centre
of membrane (see Appendix A1) and xc the separation between the membrane and the
bottom electrode. By combining equations 7.1 and 7.2, it is seen that Jel results in a trans-
fer of mechanical energy via electromechanical coupling between the spatially separated



7

92 7. TUNABLE STRONG COUPLING BETWEEN SPATIALLY SEPARATED FEPS3 NANODRUMS

c

Vg,2 = 0 V

4 V

8 V

12 V

16 V

20 V

24 V

28 V

32 V

d

e

2g

-10 -5 0 5 10

A
m

pl
itu

de
 (

n.
u.

)

2g

� (×2π kHz)

(×
2π

kH
z)

Experiment

-20 0 20

-0.4

-0.2

0

0.2

V
g

,1
(V

)

a Model

� (×2π kHz)

-0.4

-0.2

0

0.2
V

g
,1

(V
)

-20 0 20
� (×2π kHz)

b

Excite and 
probe drum #2

Excite drum #1, 
Probe drum #2

0 8 16 24 32
0

5

10

15
Experiment
Model:
C

m
=1.9 pF

|J
|(

m
N

 m
-1
)

0 8 16 24 32
0

2

4

6

8

10

V
g,2

(V)

0

2

4

6

C
oo

pe
ra

tiv
ity

V
g,2

(V)

1

0

A 1

1

0

A 1

1

0

A 2

1

0

A 2

Figure 7.3: Comparison between the coupled oscillators model and experiments. a Schematic indication of
the position of lasers for each row of data in b. b Measured normalized amplitudes A1,2 of the resonance peaks
at Vg,1 = 37.2 V and Vg,2 = 30 V compared with the model of Eq. 7.1 and Eq. 7.2 (see Appendix A1-4). Dashed
horizontal line examples the extraction of data shown in c at ∆ω=ωd −ω2. c Amplitude A2 of the resonance
peak splitting of drum 2 at different Vg,2. Filled blue dots - measured data. Solid red lines - fit to the model
of Eq. 7.3. Dashed black line - positions of peak maxima used to extract 2g . d Splitting 2g and cooperativity
plotted against Vg. Filled blue dots - measured 2g obtained from c. Solid blue line - fit to a parabola used as a
guide to the eye. Filled orange dots - cooperativity calculated from 2g and corresponding γ1,2 from Fig. 7.1g. e
Measured and modeled coupling constant J (Vg). Filled blue dots - J extracted from the fit in c. Solid magenta
line - comparison to the model of Eq. 7.2. Error bars in d and e are indicated with vertical colored lines.

FePS3 drums. It is notable that the driving force on the second drum F2,AC is proportional
to the product of the individual gate voltages applied to each of the drums. This means
that at Vg = 0 V on either drum, the electrical coupling parameter Jel = 0 even if ω1 =ω2

and fd > 0. This property distinguishes the expected behavior of this mechanism from
phonon- or tension-mediated coupling [242, 244–246], where frequency matching and a
non-zero driving force acting on one of the drums are sufficient conditions for coupling
and thus splitting of the resonance frequency to occur.

We use this characteristic to provide evidence for the proposed mechanism, by first
matching the resonance frequencies of the drums by tuningω1,2 such thatω1 =ω2 using
electrostatic pulling, as shown in Fig. 7.1f. Then we alter Vg,1 of the drum that we drive
with the modulated blue laser, while measuring the amplitude of motion of the other
drum that is probed with the red laser at a constant Vg,2. Figure 7.2c shows the reso-
nance peak splitting for different Vg applied to both membranes. Two distinct regimes
are visible: one that corresponds to weak coupling at Vg,2 = 0 V (and Jel = 0) and the
other to strong coupling with the avoided frequency crossing visible at Vg,2 = 30 V (and
Jel 6= 0). We did not observe any change to the avoided crossing related to the change
of laser intensity or its modulation amplitude (see Appendix A5). Also, resonance peaks
disappear when the blue laser drive is focused on the unsuspended region of FePS3 (see
Appendix A6). These observations show that neither a periodic heating from the laser
beam, nor other parasitic electrical actuation mechanisms are responsible for the trans-
fer of mechanical energy and strong coupling between the drums. Moreover, we ob-
served the same behaviour in a test sample without a suspended channel connecting
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the two membranes, as shown in Fig. 7.2d (see Appendix A7), thus providing additional
evidence ruling out the possibility of strong tension-mediated direct mechanical cou-
pling. We note that the non-zero amplitudes in weak coupling regime at Vg,2 = 0 V in
both Fig. 7.2c and d indicate the presence of some other, much less pronounced, mech-
anisms of weak coupling (see Appendix A3). However, the evidence above suggests that
the contribution of these mechanisms, that can couple the motion of two spatially sep-
arated FePS3 resonators under our experimental conditions, is negligible in comparison
to the dominant mechanism that we propose in Fig. 7.2b and Eq. 7.2 with J ≈ Jel.

7.1.4. STRONG COUPLING BETWEEN SPATIALLY SEPARATED NANODRUMS
Using the setup described above, we focus red and blue laser either on separate drums
to excite one membrane and measure the motion of the other, or on the same drum
to excite and measure a single one (see Fig. 7.3a). We apply corresponding Vg to the
drums in order to match their ω1,2 and measure the avoided crossing of the resonance
frequencies in both configurations of lasers. By solving Eq. 7.1, we find amplitudes for
the two configurations of lasers as [248]:

A1 = fd
γ1ωd

√
δ2

2+1

4 ,

A2 = fd

γ1γ2ω
2
d

| j |
4 ,

(7.3)

where A1 is the oscillation amplitude with lasers on the same drum, A2 the amplitude

with lasers on different drums, 4 =
√

(Λ+1−δ1δ2)2 + (δ1 +δ2)2, Λ = j 2

γ1γ2ω
2
d

the cou-

pling strength coefficient, and δ1,2 = ω2
1,2−ω2

d
γ1,2ωd

the detuning. In Fig. 7.3b the measured

amplitudes A1,2 at Vg,2 = 30 V are compared to simulations based on the continuum
mechanics model (see Appendix A1) as well as Eq. 7.1 and 7.2. The model is in good
agreement with the experimental data (see Appendix A1-4).

We now investigate the gate voltage dependence of strong coupling between the sep-
arated FePS3 membrane resonators. In Fig. 7.3c we show the resonance peak splitting 2g
with increasing Vg,2. We extract 2g from peak maxima of the measured data in Fig. 7.3c,

which we plot together with the cooperativity calculated [242, 245] as (2g )2

γ1γ2
. A strong

coupling regime and an avoided crossing is reached when the figure of merit of the cou-
pling, the cooperativity, is above 1, which is achieved for Vg,2 > 16 V. We also fit A2 of
the same data set in Fig. 7.3c to Eq. 7.3 to extract j . Figure 7.3e displays the measured
coupling constant J (Vg) (filled blue dots), compared to the electrical coupling model of
Eq. 7.2 (solid magenta line). The model follows the experiment closely for Cm = 1.9 pF,
reproducing both the quasi-linear part of the data at Vg,2 < 24 V and the nonlinear part
at Vg,2 > 24 V that appears due to the deflection of the membrane xg at larger Vg.

7.1.5. AMPLITUDE MODULATED TRANSMISSION OF INFORMATION
In the strong coupling regime the excitation energy is transferred between the resonators.
In Fig. 7.4 we demonstrate that this channel of energy exchange can be amplitude-modulated
to transfer binary data from one drum to another. We lock the gate voltage Vg of both
drums and lock the excitation frequency atωd as indicated with dashed lines in Fig. 7.2c.
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Then, we modulate the drive power of the blue laser between 2.5 and 5 dBm with a step
function, and thus the amplitude of excitation force fd of drum 1, while measuring the
motion of drum 2 using the red laser. The peak value in the measured spectral density
corresponds to resonant motion of drum 2 at the excitation frequency ωd as shown in
Fig. 7.4a. The lower maximum of measured spectral peak density corresponds to a bit
with a value 0, while the larger maximum to 1. Using this approach, we send a binary
image to drum 1 and read it out on drum 2. The result is plotted in Fig. 7.4b as a map of
the maximum spectral density of the detected resonance peak on drum 2. The received
picture is clearly distinguishable with no bits lost during the transfer.
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Figure 7.4: Information transfer between drums. a Measured spectral density near ω2 at 0 and 1 bit of am-
plitude modulated excitation. Inset: schematics of the experiment. b Map of the maximum of the spectral
density showing a binary picture that was sent to drum 1 and received at drum 2 at a bit rate of 4 bit/s.

7.1.6. COUPLING NEAR THE ANTIFERROMAGNETIC NÉEL TEMPERATURE

FePS3 is an antiferromagnetic semiconductor at low temperature [249, 250] with a Néel
temperature TN ∼ 114 K [45, 227], where it exhibits a phase transition to a paramag-
netic phase. The phase change in FePS3 is accompanied by a large anomaly in the ther-
mal expansion coefficient that produces an accumulation of substantial tensile strain
in the membrane [67] as it is cooled down from room temperature to 4 K. As a conse-
quence, at cryogenic temperatures membranes of FePS3, even tens of nanometers thick
[67], have large quality factors of 2−6×104 that are comparable to high-Q membranes
made of strained monolayers of WSe2 and MoSe2 [140]. In earlier works it was shown
that the mechanical resonances of magnetic membranes can be sensitive to both the
magnetic phase [67] and the magnetisation of that phase [57]. Therefore, when strongly
coupled, small differences in magnetization can result in large differences in the reso-
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nance frequencies and the mechanical damping of the membranes and thus the cou-
pling strength, making such coupled resonators very sensitive to small changes in the
magnetic state of the material.

In Fig. 7.5a-e, we study a sample of FePS3 to assess the temperature dependence of
the coupling strength near the TN. Following the experimental organisation and analysis
from above, we fix Vg,2 of the drum 2 at 29 V and measure the resonance frequency, cou-
pling parameter and cooperativity as a function of temperature. As shown in Fig. 7.5b,
when the sample is heated up from 4 to 135 K, ω1,2 soften near the TN of 107 K. This

also appears as a characteristic peak in
d( f 2

0 )
dT = 1

4π2
d(ω2

2)
dT in Fig. 7.5d and originates from

the anomaly in the specific heat of the material at TN [67, 227]. Interestingly, with the
temperature approaching TN, the splitting of the resonance peak disappears, as shown
in Fig. 7.5c. However, as follows from Eq. 7.2, Jel is not expected to have a strong temper-
ature dependence or abrupt drop to zero near TN, which is also notable from Fig. 7.5d,
where we plot the experimentally obtained J (T ). Instead, this switch from strong to weak
coupling regime is related to a continuous decrease of the cooperativity due to an in-
creasing γ1,2 as it approaches the transition temperature, as shown in Fig. 7.5e. This
behavior of γ1,2(T ) can be attributed to the increasing contribution of thermoelastic dis-
sipation to the nanomechanical motion of drums near phase transitions [67].

To support the hypothesis that the temperature dependent spectral changes are re-
lated to the temperature dependence of the dissipative terms in the equation of motion,
we fabricated a sample of MnPS3 that exhibits the antiferromagnetic to paramagnetic
phase transition at TN ∼ 78 K [227]. In Fig. 7.5f-j, we show the experimental data for
MnPS3 that revealed a behavior similar to FePS3. As shown in Fig. 7.5g, ω2 softens near
T = 77 K which is close to TN. We observe the splitting disappearing next to 75±10 K,
as displayed in Fig. 7.5h. As expected, J does not show any systematic change near TN,
which is depicted in Fig. 7.5i. However, in Fig. 7.5j the cooperativity has a sharper drop in
value as the sample goes from strong to weak coupling regime with increasing tempera-
ture. This coincides with a broad kink in γ1,2 that is visible near TN of MnPS3, providing
evidence for the hypothesis.

7.2. CONCLUSIONS

In conclusion, we have demonstrated a mechanism that mediates strong coupling be-
tween spatially separated membranes made of antiferromagnetic materials FePS3 and
MnPS3. This coupling mechanism can be switched on and tuned by an electrostatic
gate. In addition, the electromechanical transfer of energy can be amplitude modulated
and is shown to be capable of performing bit-by-bit communication. This provides con-
trol advantages that can find the use in the development of new device concepts, such as
nanomechanical logic gates [74–76] and hybrid systems combining magnetic mechan-
ical oscillators and qubits [99]. We have further shown that the magneto-mechanical
properties of antiferromagnetic materials also can affect the coupling strength and co-
operativity between the membranes next to the phase transition. For example, we have
shown that the increasing mechanical dissipation [67] near TN of FePS3 and MnPS3 di-
minishes the cooperativity of such coupled membrane systems as T approaches TN.
Therefore, coupled NEMS made of magnetic membrane resonators can provide a deeper
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Figure 7.5: Temperature dependence of the coupling between antiferromagnetic membranes. a Optical image
of the FePS3 sample. Thickness: 13.9±0.3 nm. Scale bar: 18 µm. b Resonance frequencyω2 of the FePS3 drum
as a function of temperature. c Normalized amplitude A1 of the resonance peak splitting at ∆ω = ωd −ω2
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panel f-j follows the same structure as the top panel a-e with the data shown for a MnPS3 sample. f Optical
image of the MnPS3 sample. Thickness: 10.5±0.4 nm. Scale bar: 18 µm. Vertical dashed lines in all panels
indicate the detected TN. Error bars in d, e, i and j are indicated with vertical blue lines.
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insight into coupling of magnetic properties to the nanomechanical motion. We also
anticipate that in the future antiferromagnetic NEMS of this type can be useful to study
more intricate magnetic phenomena, like a magnetostriction in ultrathin layers [57], and
the emission of spin currents by mechanical deformations - the piezospintronic effect
[251].

7.3. APPENDIX

A1: CONTINUUM MECHANICS MODEL OF THE CIRCULAR MEMBRANE RES-
ONATORS OF FEPS3
A flake, which is suspended over a circular cavity with a bottom gate electrode under-
neath, forms a capacitor-like structure. The mechanical response of the drum can be
altered by applying a gate voltage. The change in the gate potential causes the flake
to deflect, thereby producing a shift in the resonance frequency [143], as described in
Chapter 3. This method is used to tune the resonance frequency of the oscillators such
that the frequency matching conditionω1 =ω2 and the avoided crossing are established.

The spring constant k of the membrane is given by (see Chapter 3):

k = 2πEhε0

1−ν2 + 8πEh(
1−ν2

)
r 2

x2
g −

1

2
C ′′

g V 2
g , (7.4)

where C ′′
g = ∂2Cg

∂x2 and xg the maximal deflection at the membrane centre. The electro-
static deflection is approximated [145] as:

xg ≈
ε0r 2

g

8x2
c T

V 2
g , (7.5)

where xc = 220 nm is the cavity gap size, rg = 2.5 µm the radius of the bottom gate elec-
trode, and T = Eh ε

1−ν the membrane tension. Using eq. 7.4, we find the resonance fre-
quency of the fundamental vibration mode of the drum, ω0, by including both mem-
brane and plate contributions [37]:

ω0 ≈
√
ω2

membrane +ω2
plate =

√
k

m1,2
+

(
10.21h

2r 2

)2 E

3ρ(1−ν2)
, (7.6)

where m1,2 is the effective mass and ρ = 3375 kg/m3 the mass density of FePS3.
We use a combination of Eq. 7.4, 7.5 and 7.6 to modelω(Vg) of both drums. As shown

in Fig. 7.6, the model describes closely the experiment for both membranes. For drum 1,
we used ε= 0.274%, which is within expected values [67] at T = 4 K, an effective mass of
m1 = 620 fg, which is close to the theoretical value of meff = 0.27ρhπr 2 = 659.58 fg, and

C ′′
g,1 = 2.66 mF/m2, which is slightly smaller than the estimate [128, 145] C ′′

g ≈ 0.542ε0πr 2
g

x3
c

=
8.85 mF/m2. For drum 2, we used ε = 0.279%, an effective mass of m2 = 624.6 fg, and
C ′′

g,2 = 2.6 mF/m2.
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Figure 7.6: Frequency ω(Vg) of the resonance peaks for two drums (the same as in Fig. 7.1.) at 4 K. Filled dots -
measured data, Solid lines - continuum mechanics model of Eq. 7.4, 7.5 and 7.6.

A2: JOULE DISSIPATION MODEL
An applied gate voltage, Vg, to the membrane can induce capacitive displacement cur-
rents due to the periodic change of capacitance induced by the mechanical motion [128,
247]. These currents consequently can decrease the quality factor via Joule dissipation
[128]. We derive the equation for the Joule dissipation model for a circular membrane of
FePS3 closely following the approach from Ref. [128] and [247].

Membrane oscillations cause its periodic deflection and thus variations in the dis-
tance between the membrane and the gate electrode. This gives rise to a time-varying
capacitance C (t ) =Ceq +δC cos(ωdt ), where Ceq is the geometrical capacitance at equi-
librium position of the membrane, δC the capacitance oscillation amplitude, and ωd

the drive frequency of the membrane. The induced displacement currents, Id, in the
membrane generated by Vg and time- varying capacitance C (t ) are described by Id(Vg) =
ωdVgδC sin(ωdt ). Assuming that the effective resistance of FePS3 membranes R1,2 does
not change significantly with Vg, the energy dissipated per period by the displacement
current Ud is:

Ud(Vg) ≈ R1,2

∫ 2π/ωd

0
I 2

ddt =πR1,2ωd (δC)2 V 2
g . (7.7)

The dissipation due to displacement currents is found as 1
Qd(Vg) =

Ud(Vg)
2πUt

, where Ut is the

total energy stored in the resonator. The total dissipation 1
Q1,2

is:

1

Q1,2
= 1

Q0
+ 1

Qd(Vg)
= 1

Q0
+ R1,2ωd

2Ut
(δC )2 V 2

g . (7.8)

Considering the corresponding mechanical energy dissipation rates γ1,2 = ω1,2
Q1,2

of

FePS3 membranes at a resonance frequency ωd =ω1,2, Eq. 7.8 can be rewritten in terms
of γ1,2:

γ1,2 =
ω1,2

Q0
+ ω1,2

Qd(Vg)
= γ0 +

R1,2ω
2
1,2

2Ut
(δC )2 V 2

g = γ0 +
R1,2

m1,2

(
∂Cg

∂x

)2

V 2
g , (7.9)
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Figure 7.7: Dissipation rate γ1,2(Vg) of the resonance peaks for two drums (the same as in the main text Fig. 1.)
at 4 K. a,b Filled dots - measured data, Solid lines - Joule dissipation model of Eq. 7.9.

where
∂Cg

∂x ≈ ε0πr 2
g

x2
c

. We use m1,2 for each resonator from Appendix A1 and plot the model

of Eq. 7.9 versus the measured γ1,2. As shown in Fig. 7.7a, model describes the exper-
iment well in case of drum 1 with γ0 = 11.76 kHz and R1 = 721.4 Ω. In Fig. 7.7b, the
model is also shown for drum 2 following the experiment closely with γ0 = 11.75 kHz
and R2 = 937.1Ω.

A3: LINEAR COUPLED OSCILLATORS MODEL
In order to predict the measured response, we describe our system as a pair of damped
resonators characterized with their effective masses m1 and m2 and corresponding po-
sitions x1(t ), x2(t ) (depicted in Figure 7.8). The derivation closely follows the one from
Ref. [248]. The coupling potential between the oscillators is defined in a bi-linear form
Vi nt = −J x1x2, where J is the coupling parameter. In an experiment, multiple mecha-
nisms can contribute to J , such that it is approximately equal to the sum of individual
contributions:

J ≈ Jmech + Jel + Jph + Jother, (7.10)

where Jmech is the direct mechanical contribution to coupling, Jel the electrical coupling
parameter, Jph is the coupling via a phonon bath in the material, and Jother accounts for
other possible mechanisms of coupling. In our case, the electrical coupling parameter
Jel, that is related to the capacitive ground between the flake and the top electrode as will
be described in Appendix A4, is Jel À Jmech, Jph, Jother and acts as the dominant coupling
mechanism, so J ≈ Jel.

Let us assume that an external force of amplitude F and drive frequencyωd is applied
to one of the resonators resulting in motion that is described as:{

m1ẍ1 +Γ1ẋ1 +k1x1 = J x2 +F cosωdt ,

m2ẍ2 +Γ2ẋ2 +k2x2 = J x1,
(7.11)

where Γ1,2 is the damping coefficient, k1,2 the stiffness of the corresponding oscillator.
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Figure 7.8: Schematic drawing of two linearly coupled damped resonators. Γ1,2 is the damping parameter, F (t )
the driving force, k1,2 the spring constant.

The same equation can be presented in a different form:{
ẍ1 +γ1ẋ1 +ω2

1x1 = J
m1

x2 + fd cosωdt ,

ẍ2 +γ2ẋ2 +ω2
2x2 = J

m2
x1,

(7.12)

where γ1,2 is the dissipation ratio, ω1,2 =
√

k1,2
m1,2 the natural frequency, and fd = F /m1

the re-scaled force. When two resonators are of a similar effective mass m1 ≈ m2, the
coupling coefficient J can be expressed as j = Jp

m1m2
≈ J

m1,2
, which further simplifies the

equation to: {
ẍ1 +γ1ẋ1 +ω2

1x1 = j x2 + fd cosΩt ,

ẍ2 +γ2ẋ2 +ω2
2x2 = j x1.

(7.13)

At some point in time, the system of Eq. 7.13 attains a steady-state motion with two
resonators developing synchronized motion at a drive frequency ωd. This stationary
state can be described by:{

x1(t ) = A1 cos(ωdt +φ1) = Re[A1 e i (ωdt+φ1)],

x2(t ) = A2 cos(ωdt +φ2) = Re[A2 e i (ωdt+φ2)].
(7.14)

We now introduce non-dimensional rescaled detuning δ1,2 = ω2
1,2−ω2

d
γ1,2ωd

which captures the

difference between the driving frequencyωd and natural frequenciesω1,2 of correspond-
ing resonators. With this substitution, x1,2(t ) is a solution [248] to Eq. 7.13 if amplitudes
A1,2 are equal to: A1 = fd

γ1ωd

√
δ2

2+1

4 ,

A2 = fd

γ1γ2ω
2
d

| j |
4 ,

(7.15)

where 4 =
√

(Λ+1−δ1δ2)2 + (δ1 +δ2)2, and Λ = j 2

γ1γ2ω
2
d

the coupling strength coeffi-

cient. Due to the symmetry between equations in Eq. 7.13, A1 describes the amplitude
of the driven resonator and A2 the amplitude of the non-driven one. In Fig. 7.9 we show
an example of a fit of the measured data at 4 K, Vg,1 = 37.21 V and Vg,2 = 30 V to the model
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Figure 7.9: Amplitudes of a resonance frequency splitting A1,2 for two drums (the same as in the main text
Fig. 1 and 3.) at 4 K. a,b Filled dots - measured data, Solid lines - fit to the coupled oscillators model of Eq. 7.15.

of Eq. 7.15. We use γ1,2(Vg) and ω1,2(Vg) from the data in Fig. 1f,g and leave fd and j as

fitting parameters. We fit to measured amplitudes normalised as
A1,2

max[A1,2] , so only the

fit value of j has a physical meaning. The model of Eq. 7.15 describes the experiment
well for j = 1.72×1013 Nm−1kg−1 with only a small amplitude excess in A2 which likely
originates from some higher-order nonlinear effect.

A4: ELECTROMECHANICAL COUPLING MODEL

Suspended parts of a flake act as circular membrane capacitors C1,2 together with the
bottom gate electrodes of radius rg. The unsuspended region of the flake is situated on
top of the grounded gold electrode. Ideally, if the material would be a good conductor,
the DC resistance to grounded metal, Rm, should drain all currents that are induced as
a result of the motion. However, in the case of a poorly conducting material like FePS3

and MnPS3, the capacitance between flake and metal electrode can dominate the AC
electrical coupling to ground, which mediates an electromechanical coupling between
the membranes. We model this electrical coupling mechanism for FePS3 and MnPS3 by
considering electrical equivalent DC and AC circuits of the membrane system, as shown
in Fig. 7.10a. In doing so, we assume that the contact between the top gold electrode
and the flake is ohmic for DC signals, such that the DC voltage established on the flake
is Vm,DC ≈ 0 V, as shown in Fig. 7.10b. However, for the AC circuit shown in Fig. 7.10c,
for which the AC impedance 1

ωdCm
is significantly lower than Rm, Cm acts as a capacitive

coupling element and produces an equivalent of a capacitive divider for the AC signal,
that results in a time dependent voltage across both flakes (Fig. 7.10c).

As shown in Fig. 7.10, the time-varying capacitance C1(t ) of the drum 1 and its time-
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Figure 7.10: Schematic drawing of equivalent electrical circuit of two membrane capacitors. Vm is the volt-
age established between the membranes, Rm and Cm, respectively, the resistance and capacitance between
the ground electrode and the suspended flake, F1,2 the force acting on the membrane, C1,2 the capacitance
between the membrane and bottom gate electrode separated by cavity distance xc.

dependent term C1,AC(t ) can be written as:

C1(t ) =
ε0πr 2

g

xc −x1(t )
≈
ε0πr 2

g

xc

(
1+ x1(t )

xc

)
, (7.16)

C1,AC(t ) =
ε0πr 2

g

x2
c

x10 sin(ωdt ) , (7.17)

where x10 is the periodic displacement amplitude. We now consider the AC voltage be-
tween the flake and ground, Vm,AC and write the charge conservation equation of the
system in Fig. 7.10c in the following form:

− (
Vg,1 −Vm,AC

)
C1,AC(t )+CmVm,AC = 0. (7.18)

To further simplify the derivation of corresponding forces acting on membranes, we use
Cm >> C1,2 and that x1 >> x2 when driving the drum 1. Then, from the Eq. 7.18, Vm,AC

becomes:

Vm,AC(t ) = Vg,1 C1,AC(t )

C1,AC(t )+Cm
≈Vg,1

C1,AC(t )

Cm
≈ Vg,1

Cm

ε0πr 2
g

x2
c

x10 sin(ωdt ) . (7.19)

The voltage oscillation of Vm(ωd, t ) affects the potential between the membrane of drum
2 and its gate electrode and results in a oscillating force F2(t ) acting on this membrane.
This force can be described as:

F2(t ) = 1

2

ε0πr 2
g

(xc −x2(t ))2

(
Vg,2 −Vm,AC

)2 . (7.20)
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Using that Vm,AC <<Vg,2 and x2 << xc, this can be written as:

F2(t ) ≈ 1

2

ε0πr 2
g

x2
c

V 2
g,2 −

ε0πr 2
g

x2
c

Vg,2Vm,AC(t ). (7.21)

By substituting Vm,AC from Eq. 7.19 and taking only the time-dependent part of the Eq. 7.21,
the force F2,AC that drives the readout drum at Vg < 0 V is:

F2,AC(t ) =−
ε0πr 2

g

x2
c

Vg,2Vm,AC(t ) ∼=−
(
ε0πr 2

g

)2

Cm

Vg,1Vg,2

x4
c

x10 sin(ωdt ) . (7.22)

However, at large Vg the membrane deflects down due to the introduced electrostatic
force (see Appendix A1). The solution that accounts for the exact deflection shape would
be rather complex [143]. However, one can substitute xc in Eq. 7.22 for correspond-
ing xc − xg(Vg) for each membrane, under the assumption that the central part of the
membrane is what contributes the most to the resultant change in F2,AC due to deflec-
tion. This results in the final equation for the electrostatic force on drum 2, F2,AC, that is
caused by the motion of drum 1 and its effect on the flake voltage Vm,AC:

F2,AC(t ) ∼=−


(
ε0πr 2

g

)2

Cm

Vg,1 Vg,2

(xc −xg,1)2 (xc −xg,2)2

x10 sin(ωdt ) =−Jelx10 sin(ωdt ), (7.23)

where Jel is the electrical coupling parameter from Eq. 7.10.
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Figure 7.11: Normalized amplitudes of a resonance frequency splitting A1,2 for two drums (the same as in the
main text Fig. 7.1 and 7.3.) at 4 K. a,b Filled dots - measured data, Solid magenta lines - fit to the coupled
oscillators model of Eq. 7.15 from Fig. 7.9, Solid orange lines - model of electrically coupled FePS3 membranes
described in Appendix A4 calculated using Eq. 7.15 and 7.23.

We now use Eq. 7.15 from Appendix A3, together with the coupling parameter J ≈ Jel

from Eq. 7.23 to calculate the amplitudes A1,2 as a function of frequency, showing the res-
onance peak splitting. In Fig. 7.11 we plot the measured data at 4 K fitted with Eq. 7.15,
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together with the model of Eq. 7.15 and 7.23 for Vg,1 = 37.21 V, Vg,2 = 30 V and Cm = 1.9
pF. We use γ1,2(Vg) and ω1,2(Vg) from the data in Fig. 1f,g and leave fd in Eq. 7.15 as scal-

ing factor. The j = Jp
m1m2

= 1.62×1013 Nm−1kg−1, that we calculate using Eq. 7.23, de-

scribes the experiment well and is quantitatively close to j = 1.72×1013 Nm−1kg−1 that is
extracted from the fit of the same experimental data to Eq. 7.15. This confirms that, even
though quite simplified, our model explains the mechanism of strong coupling between
distant membrane resonators.
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A5: LASER INTENSITY AND DRIVING POWER DEPENDENCE
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Figure 7.12: Normalized amplitudes of the resonance frequency splitting A2 for different power and drive of
lasers at T = 4 K. a-c Measured A2 at Vg,2 = 30 V. d-f Measured A2 at Vg,2 = 0 V. Respective laser power or drive
power is labeled in all panels. a, d, c and f is measured at Pblue ≈ 1.5 µW. b, e, c and f is measured at Pred ≈ 100
µW. a, b, d and e is measured at Pd ≈ 5 dBm. Within all figures of top and bottom panels no substantial change
in the splitting 2g was observed.
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A6: LASER POSITION DEPENDENCE
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Figure 7.13: Measured amplitudes of the resonance frequency splitting A2 at blue laser drive power Pd = 1
dBm and 4 K. Blue laser is optothermally actuating the motion of the drum which in turn through electrical
coupling (described in Appendix A3 and 4) put the other drum in motion, that is probed by the red laser. a-c
Left panels: Schematics of the laser position. Right panel: measured resonance peak splitting or its absence at
respective laser position.

A7: TEST SAMPLE WITHOUT A MICRO-CHANNEL CONNECTING TWO SUS-
PENDED DRUMS

It is important to check the possible contribution of other tension-related coupling ef-
fects in our experiments. Also, an informative test is required for understanding if the
ground capacitor Cm described in Appendix A4 is possibly formed because of the non-
grounded part of the flake that is suspended over the channel connecting two circu-
lar membranes. To do so, we fabricate an additional test sample without this channel,
now having a top ground electrode electrically grounding the area between suspended
drums, mechanically supported as shown in Fig. 7.14a.

Following the methodology from Appendix A1 and the one described in the main
text, we measure ω(Vg) for each membrane and plot it in Fig. 7.14b. Although ω2 is
notably larger than ω1 at Vg = 0 V, we are able to match these frequencies to establish
ω1 = ω2 condition with non-zero Vg,1 and Vg,2. We now sweep Vg,2 from 0 to 32 V and
measure the amplitude A2 of the avoided crossing by driving drum 1 and measuring
drum 2, as shown in Fig. 7.15. The splitting of the resonance peak occurs only at large Vg,2

with a 2g value similar to the case described in Fig. 2 and 3. Thus, other effects arising
due to the channel connecting the drums, like tension- or phonon-mediated coupling as
well as its effect on Cm, do not contribute significantly to the coupling mechanism and
thus can be neglected.
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Figure 7.14: Sample of 14.5±0.3 nm thin FePS3 without a channel connecting the two membranes. a Optical
image of the sample. Inset: Schematics of the sample. Cavity depth xc = 220 nm, drum radius r = 3 µm,
bottom gate electrode radius rg = 2.5 µm. b Frequency ω(Vg) of the resonance peaks for the two drums (the
same as in Fig. 7.2d) at 4 K.
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Figure 7.15: Normalized amplitudes of the resonance frequency splitting A2 for two drums from Fig. 7.14 at 4
K. Vg,2 is labeled in all panels.





8
MECHANICAL PROBE OF MAGNETIC

PHASE TRANSITIONS IN LAYERED

METAL-ORGANIC FRAMEWORKS

Coupling of the magnetic phase change to mechanical properties of resonating mem-
branes of two-dimensional (2D) materials can be used to study phase transition temper-
atures in the compounds where it is challenging to do so otherwise, e.g., ultrathin electri-
cally insulating magnets. This chapter explores the coupling of antiferromagnetic phase
change in van der Waals metal-organic framework (MOF) materials to the mechanical
resonance of their membranes. We use this phenomenon to mechanically probe phase
transition temperatures, TN, in three 2D layered MOFs in the absence of an external mag-
netic field. We observe a change in detected TN depending on the type of metallic centres in
these compounds and their arrangement in a crystalline lattice. We also observed a colos-
sal negative thermal expansion coefficient in one layered MOF compound at temperatures
T < 7 K. We anticipate that these methods and observations, combined with the possibility
of artificially designing magnetic order in synthetic layered MOFs, in the future can help
to manipulate and understand magnetic ordering and magnetoelastic interactions in 2D.
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8. MECHANICAL PROBE OF MAGNETIC PHASE TRANSITIONS IN LAYERED METAL-ORGANIC

FRAMEWORKS

M AGNETIC two-dimensional (2D) materials provide a platform to study magnetic or-
dering in reduced dimensions [42]. Experimental exploration of these compounds

is often complicated by their instability in ambient air and the difficulty of detecting
magnetism in the 2D layers using conventional methods [42, 46, 47]. This limitation
narrows the scientific attention to systems like FePS3, Cr2Ge2Te6 or CrI3 [45–47], which
are usually hexagonal magnets and do not cover the whole symmetry and spin-ordering
options possible theoretically [42]. To extend the range of magnetic materials beyond
ionically bound inorganic compounds, here we study metal-organic frameworks that
offer more freedom to design and synthesize magnetic 2D layered crystals of desired
magnetic centres and symmetry.

Several methods are available to artificially induce magnetic order in van der Waals
crystals and 2D materials. Chemical functionalization of van der Waals crystals and
2D materials by ion intercalation [252] or anchoring of molecules on the surface [253,
254] can induce magnetic phenomena. However, preservation of the long-range order
in these systems remains a challenge. Alternatively, a new field of synthetic 2D poly-
mers, that include metal-organic framework (MOF) 2D materials [64, 255], has recently
emerged, showing isolation of crystalline layers with a stable structural long-range order,
as well as robust magnetism in these layers. These properties, together with the possibil-
ity of the additional functionalization of their surface, make them promising candidates
for fabricating membranes [64, 256] for gas separation [257] and sensing concepts [64].

In this work, we explore the coupling of magnetic properties to the nanomechani-
cal motion of membranes made of magnetic coordination polymers [64] to study phase
transitions in layers that are so thin that it is challenging to investigate these using con-
ventional methods. These layers are MOFs with the general formula [M(bimX)2], where
HbimX is the benzimidazole functionalized in the 5-position with X=H or Cl with the
metallic centre M=Fe or Co. We use naming nomenclature of the form MUV-N-X (M),
where MUV is the Material of the University of Valencia, N the crystalline structure type
(see Fig. 8.1), X the functionalization molecule, and M the metallic centre. These crys-
tals are formed from defect-free functionalized 2D layers translated along c-axis with the
van der Waals gap forming between the layers, as shown in Fig. 8.1a-c. Since the MUV
membranes are grown synthetically, it is possible to control the symmetry of the crys-
tal and thus its magnetic structure by a specific choice of metallic centres, coordination
compounds, and ligand molecules in the crystal grow recipe [64].

8.1. RESULTS AND DISCUSSION

8.1.1. MAGNETIC LAYERED MOFS

We direct our attention to three types of magnetic MOF crystals: MUV-1-Cl (Fe), MUV-
8-Cl2 (Fe), and MUV-1-H (Co). As shown in Fig. 8.1a-c, the thickness of a single-layer 2D
MUV varies with the corresponding number and arrangement of magnetic metal cen-
tres. In the case of MUV-1-Cl (Fe) and MUV-1-H (Co), each separate 2D layer consists of
a single sub-lattice of metallic centres, that result in a thickness of a single-layer ∼ 1 nm.
However, MUV-8-Cl2 (Fe) packs two sublattices of metallic centres within a single layer,
making the thickness of a single-layer 2D MUV ∼ 1.5 nm in this case. The crystalline
symmetry and the arrangement of magnetic atoms within a 2D layer are also different
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Figure 8.1: Crystalline structure of layered van der Waals MOFs. a-b In-plane view to the layered structure of
MUV-N-X (M). Cl and H atoms located at the surface of the layers, represented as green and cyan planes, re-
spectively. d-f Out-of-plane view to the single-layer of corresponding MUV-N-X (M). In all panels iron centres
are shown in orange, cobalt centres in violet (incl. polyhedral representation), nitrogen atoms in blue, car-
bon atoms in black, chlorine atoms in green, and hydogen atoms in cyan. Reproduced with permission [64].
Copyright 2018, Springer Nature.

in the case of MUV-8-Cl2 (Fe), as we show in Fig. 8.1d-f. While MUV-1 compounds have
metallic centres arranged in a cubic array, in MUV-8-Cl2 (Fe) compound, these are found
in distorted hexagons.

The layered structure of MUVs described in Fig. 8.1 and Fig. 8.2a is also well-visible
upon the close-up view with a scanning electron microscope of MUV-1-Cl (Fe) bulk crys-
tals, as shown in Fig. 8.2b. In this case, metallic centers of Fe2+, that are located in the
nearly-cubic arrangement within a single 2D layer, facilitate the presence of intralayer
antiferromagnetic exchange coupling [64], as displayed in Fig. 8.2c. The antiferromag-
netic coupling is also found for interlayer spin arrangement, as shown in Fig. 8.2d. This
magnetic order results in a phase transition towards a canted spin structure below the
Néel temperature TN = 20 K, which is experimentally determined in previous works [64].
It is also notable that the terminating functionalization molecule lies in the van der Waals
gap, enabling only weak interactions (e.g., Cl. . .Cl) between the layers and modifying its
surface.

8.1.2. MEMBRANES OF MAGNETIC MOFS IN MOTION

We utilize weak interlayer interactions in these van der Waals crystals and thin them
down to nanoscale thicknesses using mechanical exfoliation (see Chapter 2). These thin
flakes then are suspended over pre-defined 285 nm deep cavities in SiO2/Si chip, forming
membrane resonators, as shown in Fig. 8.2e. The motion of these membranes is mea-
sured using a laser interferometry set-up, described in Chapter 3. A power-modulated
blue diode laser (λ= 405 nm) is focused at the centre of the membrane and used to op-
tothermally excite the membrane into motion at a given frequency. A red He-Ne laser
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Figure 8.2: Characterization of MUV-1-Cl (Fe) crystals and membranes. a Crystalline structure the compound
similar to Fig. 8.1a and d. b Scanning election microscope image of the bulk crystal. c Spin magnetic mo-
ment orientation in plane of the layer. d Interlayer magnetic moment orientation. Color scheme analogous
to Fig. 8.1. Red arrows indicate spin magnetic moment orientation in (c) and (d). e Suspended membrane of
MUV-1-Cl (Fe). Top panel: Schematic of the sample. Blue and red rays indicate laser interferometer probe and
drive. Bottom panel: Optical image of the sample. Scale bar: 10 µm. f-h Measured resonance peak of the fun-
damental membrane mode of the sample in (e) at the indicated temperatures T = 10 K, T = 20 K and T = 30
K. Colored dots - measured amplitude of the peak. Solid colored lines - fit to the linear harmonic oscillator
model. Panels (a-d) are reproduced with permission [64]. Copyright 2018, Springer Nature.

(λ = 632 nm) then is used to read out membrane vibrations, which is analyzed using a
homodyne detection scheme and processed by a Vector Network Analyser. As the exam-
ple of the detected membrane motion, we show the measured resonance frequency of
the fundamental membrane mode f0 of MUV-1-Cl (Fe) membrane below TN at T = 10
K, at the TN = 20 K, and above the TN at T = 30 K, as shown in Fig. 8.2f-h. A significant
drop in the peak amplitude is observed at T = 20 K with a notable broadening of the res-
onance peak. This behaviour is attributed to increased thermoelastic damping near TN,
that was previously observed in other antiferromagnetic membranes of van der Waals
materials [67].

As notable from Fig. 8.2f-h, f0 decreases with increasing temperature, which indi-
cates that the strain in the membrane reduces. The temperature dependence of f0 is
caused by the thermal expansion coefficient of the material, which is mainly defined by
the specific heat. The anomaly in the resonance frequency and the quality factor is ex-
pected in the vicinity of the TN due to the change in the specific heat of the material
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Figure 8.3: Mechanical resonances of thin metal-organic framework membranes. a-c MUV-1-CL (Fe), MUV-
8-Cl2 (Fe) and MUV-1-H (Co) membranes, respectively, subsequent panels d-l in the same rows belong to the
same devices. Top panels: Optical images. Bottom panels: Peak-force atomic force microscopy (AFM) images.
a Scale bars: Top panel - 10 µm. Bottom panel - 10 µm. Membrane thickness h = 87.7±0.7 nm and diameter
d = 5 µm. b Scale bars: Top panel - 12 µm. Bottom panel - 6 µm. Membrane thickness h = 65.2±1.3 nm and
diameter d = 6 µm. c Scale bars: Top panel - 12 µm. Bottom panel - 6 µm. Membrane thickness h = 116.4±1.4
nm and diameter d = 6 µm. d-f Resonance peaks of the fundamental membrane mode at 40 K. Colored lines
- standard harmonic oscillator fit, black dots - measured data. g-i Colored dots - resonance frequency f0 as
a function of temperature, black dots - temperature derivative of f 2

0 (T ) as a function of temperature. Dashed

colored lines - peak position at the phase transition temperature, TN [67, 106]. j-l Mechanical dissipation Q−1

as a function of temperature.

at the magnetic phase transition [67]. The characteristic transition temperature TN in
these compounds is defined by the exchange between magnetic metallic centres in a lat-
tice [64]. The change in the position of magnetic atoms in the lattice then produces a
different exchange between them that affects the antiferromagnetic ordering, the corre-
sponding transition temperature and magnetoelastic effects.

To study this effect, we exfoliate flakes of MUV-1-Cl (Fe), MUV-8-Cl2 (Fe) and MUV-
1-H (Co) and transfer these over circular cavities (diameter d = 5 − 6 µm) etched in
a SiO2/Si substrate using deterministic dry viscoelastic stamping to form freestanding
membranes (see Fig. 8.3a-c). Due to the large flexibility, low Young’s modulus E = 3−
7 GPa [64] and thus low bending rigidity of metal-organic framework sheets [64, 256,
258], suspended flakes behave as tension-dominated membranes even at relatively large
thicknesses for a given range of cavity diameters [64]. Samples are placed on a cold finger
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Figure 8.4: Comparison of the temperature derivative of f0 for all three compounds from Fig. 8.3. Dashed
colored lines - peak positions at the phase transition temperature, TN [67, 106].

in a closed cycle cryostat and cooled down to a temperature of 4 K at a pressure below
10−6 mbar. Temperature-dependent mechanical properties of the membranes are then
investigated using a laser interferometry technique [67] from 4 to 50 K in the absence
of a magnetic field. Figures 8.3d-f show resonances of a fundamental membrane mode
at 40 K for MUV-1-Cl (Fe), MUV-8-Cl2 (Fe) and MUV-1-H (Co) as indicated by the pan-
els in top, middle and bottom row, respectively (filled black dots). We fit the measured
resonance peaks to a linear harmonic oscillator (colored solid lines) to extract the funda-
mental mode resonance frequency f0 and mechanical quality factor Q. When reducing
temperature to 40 K, the increased Q-factors ranging from 1000 to 3500 and high reso-
nance frequencies of 32.1−40.67 MHz at 40 K indicate a high tension in the membranes
due to a build-up of the thermal expansion induced strain. This strain in the membranes
is caused by a difference in thermal expansion between the membrane material and the
substrate (see Chapter 3). The material thermal expansion coefficient is then related to
its specific heat, cv . This interrelation allows to observe phase transition-related anoma-

lies in cv (T ) reflected in f0(T ), since cv (T ) ∝−d( f 2
0 (T ))
dT [67].

In Fig. 8.3g-i, we plot measured f0 (colored filled dots) and corresponding temper-
ature derivative of f 2

0 (black filled dots) for all three compounds. The phase transition-

related anomaly is well visible as a kink in f0(T ) and is even more pronounced in
d( f 2

0 (T ))
dT ,

which can be attributed to the discontinuity in the specific heat of the compounds at TN

according to the Landau theory of phase transitions [67, 106]. Mechanical dissipation
Q−1(T ) also exhibits a local maximum near TN , as displayed in Fig. 8.3j-l, that can be
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related to thermoelastic damping [67], although also the more intricate magnetomotive
damping mechanism might contribute [135].

In Fig. 8.4, we also plot
d( f 2

0 (T ))
dT of all three studied compounds on a single graph for

comparative purpose. Vertical dashed lines at the peak positions in Fig. 8.4 correspond
to the detected transition temperature of the corresponding thin MUV compound. The
transition temperatures detected in thin membranes using the mechanical resonance
correspond well to that measured with magnetic susceptibility as a function of temper-
ature on bulk crystals (see Appendix A1): 19.5±1.0 K, compared to 20.7 K for MUV-1-Cl
(Fe); 20.5±1.0 K, compared to 23.2 K for MUV-8-Cl2 (Fe); and 11.0±1.0 K, compared to
12.4 K for MUV-1-H (Co). The correlation between the observed peak position in Fig. 8.4
using mechanics, and the value of TN measured using magnetic probes, suggests that the
magnetic order is strongly coupled to the mechanical motion. This result demonstrates
that the change in magnetic order can be studied in nanoscale samples of electrically
insulating magnetic MOFs via mechanical probes, which is challenging to do with alter-
native conventional methods.

The use of this nanomechanical approach for detecting magnetic order in molecular
materials is believed to be limited by their inherent instability to the exposure of the laser
beam, which can damage the suspended membranes [64]. Still, the layered MOFs with
layer thickness down to 65 nm studied in this chapter are shown to be stable enough to
be measured using this technique. In the future, we expect to overcome this limitation
by fabricating more robust and thinner membranes, combining ultrathin layers of these
MOFs with atomically thin layers of an inorganic material (like h-BN layers). We antici-
pate that this will open possibilities to study the tuning of TN with the dimensionality of
the system (number of magnetic layers) or with the strain of the membrane induced by
an external stimulus (like an electrostatic gate voltage, see Chapters 6 and 9).

8.1.3. COLOSSAL NEGATIVE THERMAL EXPANSION COEFFICIENT
In the last part of this work, we direct our attention to the thermal expansion coefficient
α as determined in membranes of MUV-1-Cl (Fe) and shown in Fig. 8.5. We calculate
α of this compound from the measured f0(T ) (see Chapter 6) using E = 3− 7 GPa [64,
256, 258], a Poisson’s ratio ν = 0.44 [256, 259, 260], mass density ρ = 1572 kg m−3 [64]
and plot it in Fig. 8.5a, showing the lower and higher boundary of values defined by the
uncertainty in E using the shaded blue regions. At the high-temperature region T À TN,
the thermal expansion component, as determined using a fit of the data by the Debye
model (fitted Debye temperature 120.8± 0.6 K), is indicated with a solid magenta line.
At the TN, a peak is visible, which attributed to the magnetic discontinuity in cv at the
phase transition temperature [67, 106].

Unexpectedly, we have observed another anomaly in α of this compound in the low-
temperature region at T ¿ TN. As shown in Fig. 8.5b, the sign of α changes from pos-
itive to negative at ∼ 7 K. The negative α then peaks at T ≈ 5 K. Interestingly, the lo-
cal minimum α(5 K) < −100× 10−6 K−1, which is lower than the limit often referred as
colossal negative thermal expansion coefficient [261, 262]. This phenomenon is occa-
sionally found as a property of various metal-organic framework compounds [261–265],
but was never previously reported for van der Waals 2D crystals [263–265]. One of the
hypothetical explanations for observation of this phenomenon is not related to mag-
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Figure 8.5: The thermal expansion of MUV-1-Cl (Fe). a Thermal expansion coefficient α. Filled blue dots
- α as extracted from measured f0(T ) using method described in Chapter 3. Solid magenta line - fit to the
Debye model. Vertical dashed line indicates the phase transition temperature TN. b Close-up of data in (a).
Horizontal dashed line indicates the limit for the colossal negative thermal expansion coefficient (NTE). Blue
region in (a) and (b) indicate the region of uncertainty. c Schematic of the transverse vibrations around the
metallic centre. d Schematic of the in-plane rotation of polyhedral units around the metallic centre (filled blue
dot). View along the out-of-plane axis. Dashed square indicates the unit of volume before the volume decrease.

netic properties of MUVs, but rather results from transverse vibrations around metallic
centres [263, 265], shown in Fig. 8.5c. These vibrational modes have lower excitation
energy than longitudinal modes and thus are excited at lower temperatures and often
dominate in that temperature range [265]. Consequently, over a particular temperature
range, these modes induce rotation around the metallic centre that results in decrease
in volume with increasing T , as shown in Fig. 8.5d, and thus produce the observed large
negative thermal expansion coefficient [263, 265].

8.2. CONCLUSIONS
In conclusion, we have shown that magnetic order in van der Waals MOF magnets is
strongly coupled to the mechanical motion and can be therefore studied via mechanical
probes. Using this method, specific heat-related phenomena can be studied for a thin
suspended crystal of sub-picogram mass in the absence of external magnetic field [67].
We demonstrated the feasibility of detecting the coupling between mechanical and mag-
netic properties in these layered MOF magnets by detecting the transition temperature
of three compounds of different crystal structures and metallic centers, in a good corre-
spondence with bulk measurements. We anticipate that these nanomechanical meth-
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ods, in combination with artificially designed and created magnetic order in layered
MOFs, can in the future help to better understand fundamental models of magnetism
[42], magnetoelastic interactions [57, 67] and thermodynamics in 2D [78, 79, 127]. In ad-
dition to that, we used nanomechanics to observe colossal negative thermal expansion
in these 2D layered MOFs, which we attribute to transverse vibrations [261–265] in these
materials of reduced dimensionality [64, 255]. Perhaps, this notable property can also
serve for strain engineering in 2D material heterostructure membranes [30], allowing to
apply compressive strain to other 2D materials in the stack at cryogenic temperatures.
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8.3. APPENDIX

A1: THERMAL DEPENDENCE OF MAGNETIC SUSCEPTIBILITY.
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Figure 8.6: Magnetic susceptibility of bulk MUV compounds as a function of temperature. Vertical dashed lines
indicate the corresponding phase transition temperature TN: 20.7 K for MUV-1-Cl (Fe), 23.2 K for MUV-8-Cl2
(Fe), and 12.4 K for MUV-1-H (Co).
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TUNING OF CURIE TEMPERATURE

OF FERROMAGNETIC CR2GE2TE6

HETEROSTRUCTURES

Two-dimensional (2D) magnetic materials with strong magnetostriction, like Cr2Ge2Te6

(CGT), provide opportunities for strain tuning of their magnetic state, which offers po-
tential applications in ultrathin spintronic and magneto-mechanical devices. However,
realizing this potential requires understanding the coupling between 2D magnetism and
mechanical properties, and the ability to controllably strain the magnets and monitor
their ferromagnetic Curie temperature TC on a device level. In this work, we suspend thin
CGT layers to form nanomechanical membrane resonators. We then probe the mechani-
cal and magnetic properties of CGT as a function of temperature and strain by static and
dynamic nanomechanical methods. Pronounced signatures of magneto-elastic coupling
are observed in the temperature-dependent resonance frequency of these membranes near
TC. We further utilize CGT in heterostructures with thin WSe2 and FePS3 layers to control
the strain in CGT flakes and quantitatively probe the transition temperatures of all mate-
rials involved. In addition, an enhancement of TC by 2.5±0.6 K in CGT is realized in the
absence of an external magnetic field using electrostatic force to induce a strain of 0.016%
in the suspended heterostructure. Nanomechanical strain thus offers a compelling degree
of freedom to probe and control magnetic phase transitions in 2D layered ferromagnets
and heterostructures.
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T HE recent discovery of long range order in two-dimensional (2D) (anti)ferromagnets
[45–47] has triggered extensive studies of these 2D materials to experimentally probe

magnetism of reduced dimensionality [42]. One material of particular interest is Cr2Ge2Te6

(CGT) - a semiconducting ferromagnet with a bulk Curie temperature TC ∼ 60− 66 K
[47, 266]. In contrast to many other 2D layered ferromagnetic compounds [42], CGT ex-
hibits inter- and intra-layer ferromagnetic coupling for any number of layers [47]. Recent
progress has been made in manipulating the magnetic order of CGT using electrostatic
gating [267, 268], magnetic field [47, 269], pressure [270, 271], ion intercalation [272] and
via spin-orbit torque [273, 274]. Mechanical strain, offers another degree of freedom for
such manipulation as bulk CGT was recently shown to exhibit strong spin-lattice cou-
pling [270, 275] with a corresponding negative thermal expansion coefficient near TC

[266]. Similar phenomena are also found in other bulk chromium-based magnetic van
der Waals crystals, like CrI3, CrBr3 and Cr2Si2Te6 [276–278]. However, the coupling be-
tween magnetic order and strain in thin CGT has not been studied experimentally, as
strain is a difficult parameter to control in ultrathin layers [90, 279].

Emerging nanomechanical methods allow for high-precision strain manipulation
and control when 2D materials are suspended forming ultrathin membrane resonators
[83, 89]. Due to the combination of low mass with high strength, these membranes find
potential use in high-performance devices [89, 224] and in a wide range of sensor ap-
plications [6]. The resonance frequency of these membranes can be tuned over a large
range by strain [89], which can be controlled both statically [12] and dynamically [83,
89]. Moreover, the difference between the thermal expansion coefficient of suspended
2D material layers and the substrate [67, 140] or other materials in a heterostructure [57,
280] provides additional routes for strain engineering. Nanomechanical strain can also
be used to probe magnetic states [67] and switch between these states [57, 281]. It is
the relation between strain, a material’s thermal expansion coefficient and its magnetic
properties which results in the coupling between mechanical and magnetic degrees of
freedom, that allows investigation of magnetic phase transitions in 2D layered material
membranes [57, 67].

Here, we demonstrate that the magnetic phase transition of suspended thin CGT
membranes can be probed mechanically via the temperature-dependent resonance fre-
quency. CGT is known to exhibit high magnetostriction, i.e. a strong magneto-elastic
coupling between magnetic order and the lattice [266, 270, 275], that deforms the crys-
tal near TC [266]. Thus, to control the strain in thin CGT flakes and deterministically
probe the transition temperature, we choose other 2D materials layers, WSe2 and FePS3,
with positive thermal expansion coefficient and integrate them to form heterostructure
membranes [30, 280, 282, 283] with CGT, which are important to compensate CGT’s neg-
ative thermal expansion [266]. We then use these heterostructure membranes to probe
and analyze the effect of the mutual interaction between the different 2D materials and
CGT, and study the effect of electrostatically induced strain on the ferromagnetic order
near TC.
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Figure 9.1: Force indentation of suspended membranes of CGT. a An optical image of a 9.5±0.3 nm thin CGT
membrane with a radius r = 2 µm. Scale bar: 8 µm. b A schematic of the membrane deflection by a cantilever
tip. ∆zc is the cantilever deflection, g0 = 285 nm the separation between the membrane and the bottom Si
substrate, d the membrane diameter, and δ the membrane deflection. c A force versus membrane deflection
plot. Experimental data (filled blue circles) are fit by the point-force deflection of a circular membrane model
of Eq. 9.1 (solid magenta line). The inset shows a histogram of the Young’s moduli extracted from 18 CGT
membranes of 9.5 - 30.1 nm thicknesses, which were used to obtain the mean value of the Young’s modulus E
and corresponding standard deviation σ.

9.1. RESULTS AND DISCUSSION

9.1.1. ELASTIC PROPERTIES
The force-deflection curve of suspended membranes contains information about me-
chanical properties of the material. Thus, we first study thin layers of CGT by a static
deflection method [12, 129]. We fabricate a freestanding membrane by suspending a
mechanically exfoliated thin CGT flake over a circular hole by the all-dry viscoelastic
stamping method [112] (Fig. 9.1a). We then apply the Atomic Force Microscopy (AFM)
force nanoindentation method [12, 129] to indent the centre of the membrane with the
tip of an AFM cantilever to cause a deflection of the membrane δ, as shown in Fig. 9.1b.
The force applied to the centre of the membrane, F , is proportional to the stiffness kc of
the cantilever used and its deflection, ∆zc. Using cantilevers with calibrated stiffnesses
of kc = 8.87±0.08 Nm−1 and kc = 18.90±0.11 Nm−1, we record the force versus mem-
brane deflection curves of this membrane, as depicted in Fig. 9.1c with filled blue circles.
The observed trend can be described by the point-force deflection model for a circular
membrane, assuming negligible tip radius compared to the membrane diameter [12,
129]:

F =
(

4πE

3(1−ν2)

h3

r 2

)
δ+ (n0π)δ+

(
q3Eh

r 2

)
δ3, (9.1)

where E is the Young’s modulus of the membrane, h the membrane thickness, ν = 0.22
the Poisson ratio of CGT [284], n0 the pre-tension and q = 1/(1.05−0.15ν−0.16ν2) is a
dimensionless geometrical parameter. To our knowledge, the Young’s modulus of CGT
has not been experimentally studied. We therefore extract its Young’s modulus ECGT

from the experimental data using Eq. 9.1, as shown in Fig. 9.1c by the solid magenta
line. To obtain a more reliable estimate of ECGT, we measure 18 different membranes of
varying thicknesses (h = 9.5 - 30.1 nm) and radii (r = 1 - 2.5 µm). We find a mean value,
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ECGT = 56.2±8.2 GPa, as shown in the inset of Fig. 9.1c. The obtained value of ECGT is
consistent with the calculated [48] 2D Young’s modulus of CGT, E2D = 41.8 Nm−1, which
yields to E = E2D/h2D = 61.0 GPa, in which h2D is the single-layer thickness, taken as a
third of that of the unit cell of CGT [266]: h2D = 2.056 nm/3 ≈ 0.685 nm.
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Figure 9.2: CGT membrane characterization using laser interferometry. a Schematic diagram of the laser inter-
ferometry setup. All measurements were performed at incident laser powers of Pred ≤ 8µW and Pblue ≤ 1µW. b
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9.1.2. MEMBRANES IN MOTION
In order to study the coupling between magnetic phase and mechanical motion, we fur-
ther investigate the dynamic nanomechanical properties of these membranes as a func-
tion of temperature. The temperature dependence of mechanical resonances of mag-
netic membranes is sensitive to changes in the magnetisation of the 2D layers [57] and
the magnetic phase, via a mechanism that couples the specific heat to the membrane
tension via the thermal expansion coefficient [67]. Thus, by observing changes in mo-
tion of the membrane at TC it is possible to probe the ferromagnetic to paramagnetic
transition via the mechanical resonance frequency of the membrane [67]. To do this,
we use a laser interferometry technique [67, 136] (Fig. 9.2a). A CGT membrane (see the
inset of Fig. 9.2b) is placed in the chamber of an optical cryostation. We use a power-
modulated blue laser to opto-thermally excite a fundamental resonance mode of the
membrane, and a red laser to measure the change in the reflected signal due to the sub-
sequent displacement of the membrane.

We first measure the resonance peak of the fundamental membrane mode at T = 4
K (blue circles in Fig. 9.2b). We fit the experimental data to a harmonic oscillator model
(solid magenta line in Fig. 9.2b) to determine the frequency of the fundamental mem-
brane mode, f0. Subsequently, while recording f0(T ) we heat the sample to T = 78 K,
above the expected TC of 66 K [47, 266], and cool it down to T = 4 K. We plot the experi-
mental data for the heating (filled blue circles) and the cooling (open blue circles) cycle
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in Fig. 9.2c. As the CGT membrane is cooled through the TC, its resonance frequency f0

reduces from 19.3 MHz at 78 K to 6.3 MHz at 4 K. To describe the f0(T ) behaviour of CGT,
we model the resonance frequency of a circular membrane as:

f0(T ) =
√(

2.4048

2πr

)2 nth(T )

ρh
+ f 2

0 (T0), (9.2)

where f0(T0) is the resonance frequency at a reference temperature T0 (e.g. room tem-
perature) due to the contribution of the pre-tension and the bending rigidity, ρ the mass
density, nth(T ) = Eh

(1−ν)εth the thermally accumulated tension, and the thermal strain

εth = −∫ Ti
T0

(αCGT(T )−αSi(T )) dT at an arbitrary temperature Ti [67, 140], αSi(T ) the lit-
erature values for thermal expansion coefficient of Si substrate [142], and αCGT(T ) the
temperature dependent thermal expansion coefficient of CGT. Thus, we attribute the
observed f0(T ) trend to a large change in the in-plane lattice constants of the unit cell
and the resulting negative αCGT(T ) near the phase transition, which was also previously
reported for bulk CGT [266]. This anomalous lattice expansion, when cooling down from
the paramagnetic to the ferromagnetic state, is related to the strong magnetostriction
effect at the ferromagnetic ordering temperature TC in CGT [266, 275] that causes a sub-
stantial drop in strain εth(T ) and a corresponding reduction of the membrane tension
near TC.

In Fig. 9.2c we also plot the change of the in-plane lattice constant, a, of bulk CGT,
experimentally obtained by Carteaux et al. [266], as a function of temperature and com-
pare it with the observed resonance frequency. The lattice constant a is shown to be
smaller at room temperature (indicated by the black horizontal dashed line) in compar-
ison to temperatures below the paramagnetic to ferromagnetic phase transition (∼ 66
K). Since the lattice constant increases, the suspended part of the flake effectively has
a larger volume at T < TC than at room temperature, indicating a switch from tensile
to compressive strain, as indicated by the pink region in Fig. 9.2c. In this temperature
range, the compressively strained suspended flake is likely to sag, irreproducibly wrinkle
or buckle, which possibly explains a different warming and cooling trend for the reso-
nance frequency f0(T ). Buckling of magnetic layers itself is interesting for the develop-
ment of reprogrammable mechanical memory devices at nano- and micro-scale [285]
utilizing the bi-stable states of a buckled flake [75, 286]. However, due to the changing
resonance mode shape in the compressive strain regime, and the potential wrinkling,
Eq. 9.2 is not reliable for T < TC. Thus, a comprehensive analysis of f0(T ) near and be-
low the phase transition [67] cannot be applied to resonators made of bare CGT.

9.1.3. HETEROSTRUCTURE MEMBRANES
To prevent the compressive strain that can lead to wrinkling in CGT membranes, and
controllably probe f0(T ) near and below its phase transition temperature, we fabricate
a suspended membrane heterostructure composed of CGT and WSe2 flakes, shown in
Fig. 9.3. WSe2 is a material with well-known mechanical properties [118, 123, 140] that
does not undergo a phase transition from 4 to 300 K [118]. In the heterostructure, its pos-
itive thermal expansion coefficient αWSe2 (T ) counteracts the negative αCGT(T ) near TC
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Figure 9.3: Mechanical properties of a suspended CGT/WSe2 (16.7±0.3 nm/6.9±0.1 nm) heterostructure mem-
brane with a radius r = 2 µm. a Top panel: Schematic cross-section of the sample consisting of the suspended
CGT/WSe2 heterostructure membrane and the reference WSe2 membrane of the same flake. Bottom panel:
Optical image of the sample with specific membranes indicated. Scale bar: 16 µm. b Measured resonance
frequencies f0 of the membranes in (a). Solid green line - the fitted model of the resonance frequency of the
CGT/WSe2 heterostructure (Eq. 9.4). Light green region - the allowed higher and lower boundary of the model
due to the uncertainties in h1,2, E1,2 and f 2

0 (T0). Insets: Schematic of the collinear and random magnetic
spin arrangement in a bilayer of CGT in the ferromagnetic (FM) and the paramagnetic (PM) phases respec-

tively. c Mechanical damping Q−1 as a function temperature. d Filled blue circles -
d
(

f 2
0

)
dT of the CGT/WSe2

heterostructure as a function of temperature. Connected magenta circles - the thermal expansion coefficient
of bulk CGT [266]. The black vertical dashed lines in (b-d) indicate the measured T∗

C = 58±0.5 K as determined

from the peak position of
d
(

f 2
0

)
dT .

of CGT, such that the total membrane stress remains tensile and f0 can be used to probe
α(T ) even below TC. We stack WSe2 flakes on top of a suspended CGT layer to minimise
the exposure time of CGT to air. Subsequently, samples were kept in an oxygen-free en-
vironment to avoid degradation.

We measure f0(T ) of the suspended CGT/WSe2 heterostructure together with a ref-
erence drum of the same WSe2 flake (Fig. 9.3b). The f0,WSe2 (T ) follows a monotonous
increase trend with decreasing temperature (filled orange circles), as expected from its
positive αWSe2 (T ) [118, 140]. In contrast, f0,CGT/WSe2 (T ) has a downturn with decreasing
temperature near the transition temperature (filled blue circles). This behaviour is dis-
tinct from the bare CGT resonator (Fig. 9.2c) and is due to the positive thermal expansion
coefficient of the WSe2 layer, which maintains a tensile total strain of the heterostructure.
We also plot the mechanical dissipation, the inverse of a quality factor Q−1(T ), of both
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the WSe2 and CGT/WSe2 resonators in Fig. 9.3c. A notable peak in QCGT/WSe2 (T ) is visible
at T = 58 K. We attribute this observation to an increase of the thermoelastic damping
[229, 287] expected near TC in magnetic resonators [67]. This observation is supported

by the measured maximum in
d
(

f 2
0

)
dT (filled blue circles) [67] at 58±0.5 K, the temperature

which we define as T ∗
C and indicate by the black vertical dashed lines in Fig. 9.3d. The

observed maximum at T ∗
C relates to the peak in the thermal expansion coefficient of CGT

at TC (filled magenta circles) that is shifted to lower temperatures in comparison to its
bulk values of 60−66 K [47, 266].

We model the resonance frequency of a heterostructure f0,h(T ) by modifying Eq. 9.2
to describe the observations in Fig. 9.3b. We describe the total thermally accumulated
tension of the CGT/WSe2 heterostructure as a sum of individual tensions in each layer
[280, 283]:

nth(T ) = nth,1(T )+nth,2(T ) = E1h1

(1−ν1)
εth,1(T )+ E2h2

(1−ν2)
εth,2(T ). (9.3)

We assume that the slippage between the layers is negligible. Therefore, we obtain
the final equation for the resonance frequency of the heterostructure as *:

f0,h(T ) =
√(

2.4048

2πr

)2 1

ρ1h1 +ρ2h2

[
E1h1

(1−ν1)
εth,1(T )+ E2h2

(1−ν2)
εth,2(T )

]
+ f 2

0 (T0). (9.4)

We plot the model of Eq. 9.4 for the CGT/WSe2 heterostructure in Fig. 9.3b (solid green
line). In doing so, we use the bulk αCGT(T ) values [266], ρCGT = 6091 kg m−3 [266],
νCGT = 0.22 [284], and ECGT = 56.2±8.2 GPa for CGT; εth,WSe2 (T ) extracted from the mea-
sured f0,WSe2 (T ) of the reference drum using Eq. 9.2, ρWSe2 = 9320 kg m−3 [123, 289],
νWSe2 = 0.19 [123, 290] and EWSe2 = 167.1±0.7 GPa (measured for this membrane using
the nanoindentation method described above, which is consistent which previous stud-
ies [123]) for WSe2; and f0(94K) = 27.2±0.4 MHz. The resulting model reproduces the
experiment qualitatively, yet lacks quantitative agreement above TC, most likely due to
the overestimation of αCGT(T ) for thin layers of CGT in contrast to its bulk value [266].

9.1.4. FERROMAGNET AND ANTIFERROMAGNET STACK
The presented methodology is not limited exclusively to the use of WSe2, given that the
thermal expansion coefficient of the added material is large and positive. To explore the
possibility of detecting two magnetic phase transitions in the same membrane and also
the possibility of having emergent properties arising from a coupling between the two
flakes, we fabricate a heterostructure membrane made of a ferromagnetic CGT covered
by an antiferromagnetic FePS3 layer, as shown in Fig. 9.4a. Using the methods described
above, we measure the resonance frequency of this suspended structure as a function of
temperature. In Fig. 9.4b, we plot experimental f0(T ) (filled blue circles) together with its
d
(

f 2
0 (T )

)
dT (filled grey circles). The temperature derivative of f 2

0 shows two clear extrema,
indicated by black vertical dashed lines: the first one at T ∗

C = 62± 1 K we attribute to

*As derived and discussed in detail in the BSc thesis of Slotboom, B.J.M. [288]



9

126
9. NANOMECHANICAL PROBE AND TUNING OF CURIE TEMPERATURE OF FERROMAGNETIC

CR2GE2TE6 HETEROSTRUCTURES

a cb

0 20 40 60 80 100 120 140
0

2x10-3

4x10-3

6x10-3

8x10-3

(Q
-f

ac
to

r)
-1

Temperature (K)

Si

SiO2

AFM+PMAFM+FM PM+PM

CGT

FePS3

TC= 

62 K

TN= 

113 K

PM+AFMFM+AFM PM+PM

-20

-15

-10

-5

0

5

10

d(
f2 0

)/
dT

(M
H

z2
K

-1
)

0 20 40 60 80 100 120 140
28

30

32

34

36

38

f 0
(M

H
z)

Temperature (K)

CGTFePS3

*

*

CGT

FePS3

Figure 9.4: Mechanical properties of a CGT/FePS3 (19.8± 0.2 nm/18.0± 0.1 nm) heterostructure membrane
with a radius r = 2.5 µm. a Top panel: A schematic cross-section of the suspended heterostructure membrane.
Bottom panel: The optical image of the sample with the CGT/FePS3 heterostructure. Scale bar: 10 µm. b
Filled blue circles - the measured resonance frequency as a function of temperature. Filled grey circles — the
temperature derivative of f 2

0 . Solid green line - the heterostructure resonance frequency model as described
by Eq. 9.4. The light green region indicates the higher and lower boundary of the model allowed due to the
uncertainties in h1,2, ECGT and f 2

0 (T0). The insets: Schematic pictures of a magnetic spin configuration in
FePS3 and CGT layers in corresponding combinations of antiferromagnetic (AFM), ferromagnetic (FM) and
paramagnetic (PM) phases. c The mechanical damping Q−1 as a function temperature, in which the filled
orange circles represent the measured data of the CGT/FePS3 heterostructure. The black vertical dashed lines
in (b) and (c) represent the measured T∗

C = 62±1 K of CGT and T∗
N = 113±1 K of FePS3 as determined from

positions of extrema in
d
(

f 2
0

)
dT in (b).

the TC of CGT [47, 266]; the second one at T ∗
N = 113±1 K corresponds to the Néel tem-

perature, TN, of FePS3 [45, 67]. We plot the model of Eq. 9.4 in Fig. 9.4b (solid green line)
for the CGT/FePS3 heterostructure using material parameters of CGT from literature [67,
266, 284] and ECGT as determined from Fig. 9.1; EFePS3 = 103 GPa, ρFePS3 = 3375 kg m−3,
νFePS3 = 0.304 [59, 67] for FePS3; and f0(150K) = 30.9± 0.7 MHz. The model describes
the experiment well with some deviations at low temperatures similar to the ones de-
scribed above in Fig. 9.3c. In addition, we observe two peaks in Q−1(T ), displayed in
Fig. 9.4c, that we attribute to increased thermoelastic damping near the phase transition
[67, 229, 287]. The temperatures of these peaks coincide with the extrema from Fig. 9.4b,
confirming the phase transitions in CGT and FePS3.

9.1.5. TUNING CURIE TEMPERATURE
Since strong magnetostriction is responsible for the large anomalies in the mechanical
response of CGT membranes at TC [266, 275] (Fig. 9.1), we expect that the inverse effect
should also be present allowing us to tune the TC via strain [57, 67]. To study this effect,
we fabricate another CGT/WSe2 heterostructure membrane contacted to Pd electrodes,
as shown in Fig. 9.5a-c. To realize electrical contact to some samples for electrostatic
experiments, Pd electrodes are pre-patterned on top of Si/SiO2 chips by a lift-off tech-
nique. We apply a gate voltage Vg between the heterostructure membrane and the bot-
tom Si substrate electrode to induce an electrostatic force, Fel, that pulls the membrane
down and thus strains the CGT/WSe2 stack. In Fig. 9.5d, we show the measured f0 of the
heterostructure membrane as a function of temperature for six different values of Vg. A
notable increase of f0 as a function of Vg is evident which is attributed to the electrostatic
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strain introduced. To describe the gate dependence of the resonance frequency, we show
the f0(Vg) relationship near the phase transition temperature at T0 = 60 K in Fig. 9.5e. We
fit the measurement data to a continuum mechanics model of a circular membrane res-
onator [143, 145] (see Appendix A1 and 9.5), which describes the experiment well. We

thus estimate the added electrostatic strain [57, 145] as ∆ε≈ 2
3

(
ε0r

8g 2
0 n(T0)

)2

V 4
g , where ε0 is

the dielectric permittivity of vacuum, and n(T0) = 2.538±0.003 Nm−1 the total tension
in the suspended heterostructure at T0 = 60 K (extracted from the fit in Fig. 9.5e).
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Figure 9.5: Curie temperature enhancement as a function of strain in a suspended CGT/WSe2 heterostructure
(19.7±0.1 nm/8.5±0.2 nm). a The schematic cross-section of the suspended CGT/WSe2 heterostructure mem-
brane. b The optical image of the heterostructure with materials indicated. Membrane radius: r = 4 µm. Scale
bar: 12µm. c The schematics of the electrostatic strain-tuning principle. d Measured resonance frequencies f0
of the heterostructure membrane as a function of temperature for different gate voltages Vg. e Filled blue cir-
cles - the measured resonance frequency as a function of Vg at 60 K. Solid magenta line - the continuum model

mechanics model fit [143, 145]. f The temperature derivative of f 2
0 as a function of temperature for different

Vg. The black vertical dashed lines in (d) and (e) show the peak position in
d
(

f 2
0

)
dT at Vg = 0 V. g Filled blue circles

— the shift in measured T∗
C as a function of Vg extracted from the peak position in (e). Solid magenta line - the

estimate of electrostatically induced strain∆ε as a function of Vg. The inset shows∆TC = T∗
C (Vg)−T∗

C (0V) as a
function of added voltage induced strain ∆ε in addition to calculations from Li and Yang [48] (solid green line)
and from Dong et al [291] (solid orange line). The vertical error bars in T∗

C were estimated from determining
the peak position in (e) within 2% accuracy in the measured maximum.

Apart from the effect of electrostatically induced strain on f0(Vg) in Fig. 9.5d, the
characteristic feature in the f0(T ) curve, that we attribute to the Curie temperature of
CGT [67], shifts to higher temperatures. This trend becomes even more apparent in

Fig. 9.5f, where we plot
d
(

f 2
0

)
dT for six different Vg. We extract T ∗

C from the peak positions
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in
d
(

f 2
0

)
dT for multiple Vg and plot it against the gate-induced strain, ∆ε, in Fig. 9.5g. The

observed enhancement in T ∗
C qualitatively agrees with the added tensile strain depen-

dence symmetrically both for positive and negative Vg as shown in Fig. 9.5g. This in-
dicates that the gate-induced strain has a dominant contribution to the change in the
T ∗

C (Vg) instead of a field effect [267, 268]. In the inset of Fig. 9.5g, we plot the experi-
mental ∆TC = T ∗

C (Vg)−T ∗
C (0V) versus the estimated strain ∆ε, together with predictions

from density-functional theory calculations for 2D CGT by Li and Yang [48], considering
the direct exchange interaction (solid green line), and by Dong et al [291], attributing the
enhancement of TC to the super-exchange interaction via Cr-Te-Cr bonds (solid orange
line). The closer experimental agreement with the results of Dong et al. [291] suggests
that it is the decreasing energy difference between 3d orbitals of Cr and 5p orbitals of Te
in nearly ∼ 90◦ Cr-Te-Cr bonds of CGT that is likely to contribute to the enhancement of
T ∗

C as a function of strain [291]. Interestingly, we observed that the maximal T ∗
C increase

by mechanical strain was as much as 2.5±0.6 K at ∆ε ≈ 0.016%. This is comparable to
what was previously achieved in bulk CGT by applying an out-of-plane magnetic field of
0.7−1 T [47, 269], proving that strain-based nanomechanical methods provide a com-
pelling route for controlling and probing magneto-elastic coupling in ferromagnetic 2D
layers and heterostructures.

9.2. CONCLUSIONS
In conclusion, we have probed the mechanical properties of CGT membranes by both
static and dynamic nanomechanical means. We demonstrated that due to CGT’s strong
magnetostriction [266, 275] and large negative thermal expansion near TC, bare CGT
membranes experience strong resonance frequency reductions near their ferromagnetic
Curie temperature and an accumulation of compressive strain. The compressive strain
can produce buckling, wrinkling or sagging of the CGT layers, that significantly compli-
cates the analysis for nanomechanical measurements of TC [67]. We showed that this is-
sue can be solved by integrating CGT in heterostructures with other materials with posi-
tive thermal expansion coefficients. This methodology can also be applied using materi-
als that have phase transitions themselves, which we demonstrate by probing both TN of
FePS3 and TC of CGT within a single measurement of a CGT/FePS3 heterostructure. The
presented measurements and methodologies for nanomechanical characterisation of
magnetic heterostructures open up possibilities to investigate magnetic properties that
are the result of interfacial magnetic interactions in 2D magnetic heterostructures mem-
branes [292], allowing novel magnetic properties to be discovered near the monolayer
limit while also excluding substrate interactions. In addition, we expect that focused
studies of the mechanical dissipation in such heterostructures as a function of temper-
ature and strain could in the future provide more insights to thermodynamics and heat
transport in 2D materials involved [67, 78, 79]. Finally, we showed that TC of CGT can
be enhanced by gate-induced electrostatic straining, showing that it is not only possible
to probe, but also control the magnetic order in these ferromagnetic heterostructures.
We anticipate that these studies in the future will lead to the development of membrane
devices with gate-controlled magnetic actuation [293] and low-power spintronic imple-
mentations.
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9.3. APPENDIX

A1: CONTINUUM MECHANICS MODEL OF ELECTROSTATICALLY STRAINED

CIRCULAR MEMBRANE
A membrane suspended over a circular cavity forms a capacitor with a bottom gate elec-
trode underneath. The change in gate voltage causes the membrane to deflect, tuning
the tension and producing a shift in the resonance frequency. The resonance frequency
of the fundamental vibration mode of the drum as a function of gate voltage is described
as [143]:

f0(Vg) = 1

2π

√
1

meff

[
2πEhε0

1−ν2 + 8πEh(
1−ν2

)
r 2

z2
g −

1

2

∂2Cg

∂z2 V 2
g

]
, (9.5)

where zg ≈ ε0r 2

8g 2
0 n(T0)

V 2
g is the maximal deflection at the membrane centre [145],

∂2Cg

∂z2 ≈
0.542ε0πr 2

g 3
0

the second derivative of capacitance [128, 145], and meff = 0.27ρhπr 2 the ef-

fective mass. In the case of a heterostructure membrane, material parameters are substi-

tuted for the heterostructure analogues [280]: E = E1h1+E2h2
h1+h2

, ρ = ρ1h1+ρ2h2
h1+h2

, ν= ν1h1+ν2h2
h1+h2

,
and h = h1+h2. For the CGT/WSe2 heterostructure (19.7±0.1 nm/8.5±0.2 nm) in Fig. 9.5
we use the following material parameters: E = 89.6 GPa, h = 28.2 nm, ν= 0.21, ρ = 7064

kg m−3. We extract ε= 0.079±0.004%,
∂2Cg

∂z2 = 3.46±0.11 mFm−2 and meff = 996.45 fg from

the fit in Fig. 9.5e, that are close to the expected values [128, 145] of
∂2Cg

∂z2 = 2.61 mFm−2

and meff = 675.9 fg.
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10
MAGNETICALLY-INDUCED

ANISOTROPY IN

ANTIFERROMAGNETIC MEMBRANES

Magnetostriction in two-dimensional (2D) materials is promising for effective control of
magnetic order in (anti-)ferromagnets and their heterostructures using tension. This chap-
ter will discuss and provide an outlook on the relationship between magnetostriction and
nanomechanical resonance in membranes of multilayer 2D materials. We show that us-
ing the star-shaped array of rectangular membranes from Chapter 5 can help to inves-
tigate critical phenomena near the phase transition in antiferromagnetic MPS3 (M = Fe,
Co, Ni) compounds. By analyzing the angle-resolved stress in the membrane resonators,
while cooling them below their Néel temperature TN, we obtain critical beta exponents for
materials with strong and weak spontaneous magnetostriction. We anticipate that in the
future this method can help in studying the critical exponent for atomically thin mem-
branes made of 2D materials, in particular in antiferromagnets, where it is difficult to
obtain information about the order parameter by other methods.
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T HE magnetostriction effect in membranes of van der Waals materials is a measure of
magneto-elastic coupling and thus can enable effective control of magnetic order-

ing through strain [90]. We show that it also could be used to access the order parameter
of magnetic materials by solely nanomechanical means. For some materials, magne-
tostrictive strain near the transition temperature can distort the crystal lattice to facil-
itate an easy magnetic axis. This spontaneous lattice deformation is a consequence of
the combination of the magnetostrictive coupling in the material and the spontaneous
magnetic ordering of atomic moments that emerges below the magnetic transition tem-
perature [294]. In transition metal phosphorus trisulfide (MPS3) compounds this is of-
ten viewed as a contraction of one axis of the crystal and expansion of another within
the van der Waals plane upon cooling below TN [61, 295, 296]. As temperature depen-
dence of in-plane lattice constants a and b is well-known only for FePS3 [295, 296], we
further label in-plane crystalline axes of MPS3 compounds as x and y , where y is the ex-
panding and x is the contracting axis. This behavior can even change the symmetry of
the compound from paramagnetic D3d point group towards antiferromagnetic C2h [61],
as shown in Fig. 10.1a. This also results in different strain εx,y accumulated along each
crystalline axis in either x or y direction below TN.

10.1. RESULTS AND DISCUSSION

10.1.1. SPONTANEOUS MAGNETOSTRICTIVE STRAIN
To study this phenomenon, we fabricate an array of rectangular cavities rotated at 30◦
with respect to each other, similar to those used in Chapter 5. We suspend single thin
flakes of MPS3 over these cavities to create arrays of rectangular membrane resonators.
In contrast to experiments in Chapter 5, we fabricate thinner membranes of h = 20−40
nm in order to be more sensitive to the membrane term in Eq. 3.6.

The resonance frequency of the fundamental rectangular membrane mode is given
by [297]:

f0 = 1

2

√
E

ρ

[
1

w2 εw + 1

l 2 εl

]
, (10.1)

where ρ is the mass density, E the Young’s modulus, w the width and l the length of the
membrane, and εw,l the corresponding strain along these dimensions. The anisotropy in
E (see Chapter 5) and its temperature dependence is expected to be much smaller than
that in εw,l , and thus we neglect it. At an arbitrary angle θ to the crystalline direction,
εw,l will have the contribution from both εy and εx . When cavities are aligned with the
flakes crystal axes x and y , and w ¿ l , equation for fθ will reduce to:

f0◦ ≈ 1

2

√
E

ρw2 εx , (10.2)

f90◦ ≈ 1

2

√
E

ρw2 εy .

Above TN, under the assumption that the membrane is isotropic in the absence of
magnetostrictive strains, εx = εy = εth(T )+ε0(T0) and has a temperature dependence as
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Figure 10.1: Magnetostriction effect on rectangular membranes. a Crystalline structure of CoPS3 at the para-
magnetic phase. Black hexagons indicate the organisation of Co atoms in the lattice. b The same crystalline
structure as it elongates in the y direction and contracts in x. Red and dark blue arrows indicate the in-plane
magnetic moment arrangement of Co atoms. Light blue arrows indicate the axial lattice distortion. c Optical
image of the membrane array. Angle θ is indicated for w-direction with respect to x axis. Scale bar: 12 µm.
d Schematic of 0◦ and 90◦ membranes from (c). w is the width of the membrane, l the length, εx,y the strain
along x and y , εw,l the strain along w and l .

described in Chapter 6. Below TN, strain in the membrane builds up due to three main
contributions:

εx (T ) = εth(T )+ε0,x (T0)+εms,x(T ), (10.3)

εy (T ) = εth(T )+ε0,y (T0)+εms,y(T ),

where εth(T ) is the direction-independent thermodynamic contribution that is related
to specific heat of the material (see Chapter 6), T the temperature, ε0,x (T0) and ε0,y (T0)
the pre-strain contribution in x and y direction at a reference temperature T0, and εms,y

and εms,y the magnetostriction term in x and y direction.

10.1.2. ANISOTROPIC RESONANCE FREQUENCY
In the absence of magnetic order, and in the absence of anisotropies in the pre-strain
due to manufacturing imperfections, at T > TN membranes of MPS3 would behave as
isotropic nanomechanical membrane resonators for which the resonance frequency does
not depend on the orientation of the membrane with respect to the crystalline axis. How-
ever, when the magnetic order appears at T < TN, magnetostrictive straining along x and
y direction is expected to be uneven [61, 295, 296], that implies εms,x 6= εms,y and thus the
same membranes would show anisotropic features, such as the resonance frequency de-
crease of f0◦ and increase of f90◦ .

We investigate this by suspending CoPS3 flake over two arrays of rectangular cavi-
ties, shown in Fig. 10.2. We then use the laser interferometry technique to measure the
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resonance frequency and quality factor of each membrane as a function of temperature.
The arrangement of the cavities gives the angular resolution of 15◦ for the measured
mechanical properties of the membranes. As the membranes are cooled through the
transition temperature at TN ∼ 118 K [45], the resonance frequency shows a characteris-
tic "dumbbell"-shaped trend as a function of angle to the x axis, when plotted in polar
coordinates as shown in Fig. 10.2b.
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ature. d
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The fact that the anisotropic behavior arises at the TN is more apparent in Fig. 10.2c,
where f0 is plotted as a function of θ and temperature. This suggests a correlation be-
tween magnetic order and anisotropic strain, which indicates the relevance of magne-
tostriction to account for this behaviour. Interestingly, by taking a temperature deriva-
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tive of the frequency squared
d f 2

0
dT , the thermal expansion coefficient related term (see

Chapter 6), a substantial difference is observed between 0◦ and 90◦ at the temperature
range from T ∗ = 101 K to TN = 118 K. We attribute this to a predominant contribution of
εms to f0 in this temperature range, which will be analysed later.

Interestingly, as shown in Fig. 10.2e the quality factor also exhibits two anomalies at
T ∗ and TN, indicating abruptly increased mechanical dissipation near these tempera-
tures. In addition to that, some possible angle-dependent structure is visible with larger
Q-factor values at 0◦/180◦ in comparison to that of 90◦/270◦. The reason behind this
behavior remains unclear and requires more detailed investigation.
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In previous studies, magnetostriction in CoPS3 was attributed to 3d7 electronic con-
figuration of Co2+, which implies spin-orbit coupling in CoPS3 that accounts for the
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magnetic anisotropy and induces the structural change under a magnetic phase transi-
tion [61]. In order to confirm that the observed effect is indeed related to spin-orbit cou-
pling induced magnetostriction, we also fabricate an array of FePS3 rectangular mem-
branes, as shown in Fig. 10.3a. Fe2+ in FePS3 has 3d6 electronic configuration, that would
also produce similar effect [296].

As shown in Fig. 10.3b, a similar "dumbbell"-shaped trend is observed as the mem-
branes of FePS3 are cooled trough its TN = 115 K. This also corresponds to a hardening
of f0 as a function of angle with a period of 180◦, as visualised in Fig. 10.3c. The angu-

lar dependence of
d f 2

0
dT is also well-visible in Fig. 10.3d with the most prominent features

confined in a small region of temperatures near the TN. In contrast to CoPS3, no angle-
dependent features were observed in the quality factor of these membranes at the TN, as
shown in Fig. 10.3e.

10.1.3. RELATION TO THE ORDER PARAMETER
The magnetostriction-related strain, that is responsible for the observed behaviour, is
quadratic in antiferromagnetic order parameter along the easy axis L (see Chapter 6) as
εms,x = λx L2 and εms,y = λy L2, where λx,y are the phenomenological magnetostriction
coefficients in x and y direction [294, 298]. Thus, by substituting Eq. 10.3 into 10.2 and
taking the difference between f 2

0◦ and f 2
90◦ , the final relation between f 2

0◦ − f 2
90◦ and order

parameter L is given by:

f 2
0◦ − f 2

90◦ = f 2
0◦ (140K )− f 2

90◦ (140K )+ 1

4

E

ρw2λx L2 − 1

4

E

ρw2λy L2, (10.4)

which is rewritten in terms of f 2
x,y (T ) = f 2

0 (T )− f 2
0 (140K ):

f 2
x − f 2

y = 1

4

E

ρw2

[
λx −λy

]
L2. (10.5)

We first note that from Eq. 10.5 it is possible to estimate the magnetostrictive product
(λx −λy )L2(T ). We use Eq. 10.5 to access the critical behaviour of the antiferromagnetic
order parameter below TN for CoPS3. In doing that we first measure f0◦ and f90◦ of this
compound, as shown in Fig. 10.4a. We then plot corresponding f 2

x − f 2
y as a function

of temperature in Fig. 10.4b. The trend shows a classical critical behaviour with a non-
zero order parameter appearing in the ordered state at T < TN. We fit the region near
TN using a power-law L2 ∝ (1− T

TN
)2β to extract the critical exponent β. For CoPS3, we

extract 2β= 0.64±0.02 for T > 0.83TN. The extracted 2β is also consisted with 2β= 0.60
for T > 0.9TN previously measured on bulk CoPS3 using neutron diffraction [62].

We have also applied the same analysis to FePS3 which we show in Fig. 10.4d-f. We
have obtained 2β = 0.76± 0.06 for T > 0.92TN which is higher than expected for 2D or
3D Ising model and is closer to that of 3D Heisenberg critical behaviour [42, 299, 300].
However, this value is consisted with the critical exponent of 0.37 measured in FePS3

near TN using Raman spectroscopy [45].

10.1.4. MATERIALS WITH WEAK MAGNETOSTRICTION
Materials studied thus far in this work are compounds with large spin-orbit coupling in-
duced magnetostriction [61, 294, 298]. It is informative to also apply the method to ma-
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Figure 10.4: Critical behaviour in resonance frequency of CoPS3 and FePS3 membranes. a Resonance fre-
quency of 0◦ and 90◦ membranes from Fig. 10.2. b Order parameter related difference of the frequency squared
from Eq. 10.5. Magenta line is the fit to the power-law. Critical exponent 2β extracted from the fit indicated. c
Difference of the frequency squared from Eq. 10.5 and the fit from (b) as a function of the reduced temperature
(1− T
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). Black arrow indicates the deviation from the fit at T ¿ TN. d-f follows the same structure as (a-c) for

FePS3 membrane resonators in Fig. 10.3.

terials with weak magnetostriction effect. To accomplish this we use the Ni2+ compound
of the MPS3 family. We fabricate membranes of NiPS3 of similar dimensions to those re-
ported above, as shown in Appendix Fig. 10.6a. The difference between f0◦ and f90◦ , that
we plot in Fig. 10.5b, is substantially smaller than that of Fe/CoPS3 membranes. In fact,
the weakly anisotropic mechanical behaviour produces only small angular dependence
for all studied mechanical parameters, as displayed in Appendix Fig. 10.6c-f. Neverthe-
less, we measure f0◦ and f90◦ of NiPS3 compound, as shown in Fig. 10.5a, and then plot
corresponding f 2

x − f 2
y as a function of temperature in Fig. 10.5b, following the analysis

from above. Because even for the small magnetostriction effect the relation between the
squared-frequency difference and order parameter given by the Eq. 10.5 holds, using the
analysis described above we extract the critical exponent 2β = 0.62±0.08, as shown in
Fig. 10.5b,c. This is larger than β= 0.22±0.02 that was previously found from softening
of the magnon modes in NiPS3 [65] but consistent with 2β= 0.60±0.01 reported from the
neutron powder diffraction experiments [301]. Interestingly, when compared to CoPS3

and FePS3, NiPS3 exhibits the effect which is more than an order of magnitude smaller,
as we show in Fig. 10.5d.
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10.2. OUTLOOK
The approach presented in this chapter allows access to the order parameter through
purely nanomechanical methods even in the absence of a magnetic field. This can be
useful for studies of 2D materials with high magnetostriction, in which the critical be-
havior is hard to study since the transition temperature and magnetisation is strongly
dependent on the magnetic field [42, 47, 302]. In addition, this result is essential since
it can provide an alternative to optical methods for studying the critical phenomenon
near magnetic phase transitions in two-dimensional systems [45, 61]. This becomes es-
pecially applicable for studying 2D XY systems where, strictly speaking, long-range mag-
netic order cannot exist at finite temperature without the presence of magnetic anisotropy
[42, 303]. For instance, in 2D CoPS3, the KT transition is expected at lower temperatures
[61]. Raman spectroscopy studies show that the transition is visible through Raman
modes, which indicates a robust magnetoelastic coupling [61]. Yet, it was challenging
to obtain a critical exponent from these data. The method presented in this work might
help in understanding the KT phase in CoPS3 material and ordering of spins in 2D.

The study of magnetostriction is interesting for a better understanding of magne-
toelastic interactions in 2D crystals. It may open up more possibilities for controlling
and tuning the spin ordering [281, 302]. In addition to that, this method, together with
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the method for detecting the transition temperature presented in Chapter 6, can also be
applied to materials with electrical phases (in part discussed in Chapter 12). Thus, it is
anticipated that this can also help in the study of the analogous phenomenon of elec-
trostriction in ferroelectric van der Waals materials of the reduced dimensionality, like
CuInP2S6 [304].
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10.3. APPENDIX
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11
THERMOELASTIC PROPERTIES OF

ANTIFERROMAGNETIC MEMBRANES

In the previous chapters we have shown that the resonance frequency of two-dimensional
(2D) layered compounds can be used to characterize the magnetoelastic properties of 2D
layered compounds. In antiferromagnetic resonators made out of FePS3 the mechanical
damping was observed to increase dramatically near the magnetic transition temperature,
showing a peak at the Néel temperature TN. This chapter investigates and discusses the
mechanical damping effect in these membranes in more detail, and in addition measures
the thermal time constant, providing more insight in the membrane’s thermodynamics
near TN. We propose a thermoelastic mechanism, which can account for the observed
anomalous trend in the quality factor. We measure the quality factor and characteristic
thermal relaxation time constant of the FePS3 membrane using two different experimen-
tal methods. We confirm that the thermal time constant of the membrane plays an im-
portant role in explaining the mechanical damping trend. The results suggest that under-
standing the relationship between magnetism and thermoelastic properties is essential in
the studies of magnetic 2D materials, as it can find new applications in the future, like the
realization of the control over damping, thermal conductance and other thermodynamic
properties using magnetic field or strain.
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M ECHANICAL strain, thermodynamics and magnetism are inextricably coupled phe-
nomena in layered van der Waals crystals. This coupling makes it possible to probe

and tune the magnetic order in two-dimensional materials using strain [57, 67]. Perhaps,
nanomechanical membrane resonators represent one of the most convenient ways to
measure and control membrane tension through their resonance frequency on the de-
vice level [5]. However, resonant vibrations of these membranes are damped via the loss
of mechanical energy via various processes [135].

One of the key processes that dictates the loss of mechanical energy in membrane
resonators is heat generation and diffusion [67, 127, 135]. Studies of dissipation and
thermal conductivity in 2D materials are an ongoing research topic [305], which also
entails some unparalleled thermal management applications [306]. Currently, only the
thermal conductivity of ultrathin layers and membranes of conventional 2D materials,
such as graphene, hBN, MoS2, or MoSe2, has been studied [16, 78, 79, 127]. As a conse-
quence, there is little knowledge available on the effect of phase transitions, like those in
the magnetic metal phosphorus trisulfides (e.g., FePS3), on thermal transport[67].

In this chapter we argue that a thermoelastic damping mechanism [229, 307] cou-
ples mechanical dissipation to magnetism-related features in thermodynamic quanti-
ties [67]. The analysis of the Q−1 presented in Chapter 6 describes the appearance of
the peak near TN. However, it lacks both qualitative and quantitative agreement with
the experiment over a wider temperature range. In this work, we use nanomechanical
methods [67, 127] to study simultaneously both thermal relaxation time and thermoelas-
tic damping. Thus, the further detailed explanation for the phenomenon and inclusion
of thermal conductivity effect to the thermoelastic damping is examined and discussed.

11.1. RESULTS AND DISCUSSION

11.1.1. FEPS3 MEMBRANE RESONATORS

We fabricate the FePS3 membrane resonator, shown in Fig. 11.1a, using an approach
similar to that described in Chapter 2 and 6. We measure the resonance frequency of
the membrane f0 using the laser interferometry technique. As shown in Fig. 11.1b (filled
blue dots), f0 builds up with decreasing temperature T revealing the region of highest
slope in proximity of TN. This is well-visible also in a derivative of f 2

0 , as displayed with

filled dark grey dots in Fig. 11.1b. The peak in
d( f 2

0 (T ))
dT , produced by the discontinuity in

cv (see Eq. 6.2 in Chapter 6) indicates the phase change from paramagnetic to antifer-
romagnetic state at the TN. At the same time, the measured inverse quality factor Q−1,
the mechanical energy dissipation term, also shows a maximum at TN, as indicated in
Fig. 11.1c. This behaviour is similar to that described and analyzed in Chapter 6, and in
this chapter we will study it in more detail.

11.1.2. THERMOELASTIC DAMPING IN FEPS3 RESONATORS

We proposed that the mechanical damping in FePS3 membrane resonators is dictated
by a thermoelastic damping mechanism [67]. The thermoelastic damping Q−1

TED is best
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described by the modified Lifshitz-Roukes formulation Q−1
LR as [229, 307–309]:

Q−1
TED =µQ−1

LR =µ∆EΓ(ω,τ) (11.1)

=µ
[

Eα2
LT

cvρ

][
6

ξ2 − 6

ξ3

sinhξ+ sinξ

coshξ+cosξ

]
,

where ξ = πp
2

p
ωτ, ω = 2π f0 is the resonance frequency, µ the correction pre-factor, ∆E

the relaxation strength, Γ the dissipation peak function, E the Young’s modulus, αL the
linear thermal expansion coefficient, ρ the mass density, and τ the thermal time con-
stant. The pre-factor µ varies depending on the geometry of the resonator [229, 307],
type of vibration [309], heat conduction [308], and pre-tension [310]. For the circular
plate resonator with axisymmetric out-of-plane vibration it is expected to be µ = 1+ν

1−2ν ,
where ν is the Poisson’s ratio [307].

In the analysis described in Chapter 6, with the approximation αL ∝ cv, it was as-
sumed that Γ is independent of temperature such that ∆E ∝ cv ×T term has a predomi-
nant contribution near TN and can indeed describe the appearance of the corresponding
peak in Q−1, as shown in Fig. 11.1c. However, this simplification leads to a poor descrip-
tion of Q−1 just above and, in some samples (e.g. Fig. 6.2), also below the TN. This in-
dicates a significant contribution of Γ(ω,τ) to Q−1(T ), that originates from the strong
temperature dependence of thermal relaxation time constant τ(T ) of FePS3 near TN.

11.1.3. THERMAL TIME CONSTANT
Lifshitz-Roukes and Sun-Saka derivations of thermoelastic damping [229, 307] consid-
ered an out-of-plane heat conduction and corresponding heat gradient that develops
across the thickness of a plate resonator, which damps its motion. However, for nanometer-
scale membrane thicknesses the characteristic thermal relaxation time is on the order of
tens of picosecond [307], which would produce only a negligible Q−1 contribution. In-
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Figure 11.2: Thermomechanical characterization of the FePS3 membrane. a Schematic of the radial heat dif-
fusion in the membrane during the motion. b Schematic plot of in-phase amplitude of the optothermal heat
flux P , the thermal gradient ∆T , and the membrane motion z at frequency ω= 2π f ¿ 1

τ . c Schematic plot of

out-of-phase amplitude of P ,∆T , and z atω= 1
τ . d Measured real and imaginary component of z as a function

of frequency at T = 108 K, together with the corresponding fit to the model of Eq. 11.3. Vertical line indicates
the extracted thermal time constant τ at a cut-off frequency ωc = 1

τ . e Thermal time constants extracted from
the measured data similar to the one shown in (d) as a function of temperature. Vertical line indicates the TN
from Fig. 11.1b and c.

stead, the dominant damping results from the heat conduction caused by the tempera-
ture gradient ∆T along the radial direction of the circular membrane [308], as schemat-
ically depicted in Fig. 11.2a. A characteristic thermal relaxation time is required to raise
the temperature of the membrane. When τ is fairly short, ω ¿ 1

τ and thus the mem-
brane motion is in phase with the temperature gradient and the optothermal expansion
force that drives the resonator, as shown in Fig. 11.2b. However, then τ is sufficiently
long, it produces a delay between the optical power P (t ) and the temperature ∆T . (see
Fig. 11.2c).

At this point, an independent method to study the thermal time constant τ is re-
quired in order to quantitatively explain thermoelastic damping-dominated Q−1 in the
FePS3 membrane from Fig. 11.1 using the model of Eq. 11.1. Several methods exist to
experimentally measure τ in ultrathin membranes of 2D layered materials [78, 79, 127].
In this work, we follow the technique developed by Dolleman et al [78, 127]. We do so by
optothermally exciting the membrane motion using a power-modulated blue laser and
interferometrically measuring the resulting amplitude of its vibration using the red laser
(see Chapter 3). In contrast to most of the experiments reported in previous chapters of
this thesis, we measure the motion far below the fundamental resonance frequency f0,
in order to ensure that the position z is in phase with∆T , such that all phase lag between



11.1. RESULTS AND DISCUSSION

11

147

c

0 40 80 120 160

33

36

39

42

45

f 0
(M

H
z)

T (K)

0

1

2

3

4

α
L

(×
10

-5
K

-1
)

60 90 120 150
0

200

400

600

800 Experiment
Model

τ
(n

s)

T (K)

a

0 40 80 120 160
0

200

400

600

800

c v
(J

 k
g-1

K
-1

)

T (K)

b

d

3

10

100

400

k
(W

m
-1

K
-1

)

0 20 40 60 80 100 120 140 160
0.0

0.5

1.0

1.5

2.0

Experiment
QTED

-1 =μ×Q-1
LR(τ)

Q
-1

(×
 1

0-3
)

T (K)

Figure 11.3: Thermal time constant and thermoelastic damping. a Literature values for specific heat cv [227]
and thermal conductivity k [311] of bulk FePS3. b Measured τ from Fig. 11.2e compared to the model of Eq. 11.4
using bulk values from (a). c Mechanical properties of the membrane. Filled blue dots - resonance frequency
f0. Filled dark grey dots - thermal expansion coefficient αL extracted from f0 using Eq. 6.1. d Measured Q−1

compared to calculated Q−1
TED from Eq. 11.1 as a function of temperature using µ= 8.4

(
1+ν

1−2ν

)
.

P (t ) and z(t ) is due to thermal delay τ. Since the delay between the amplitude of mem-
brane motion and the optothermal drive is mostly due to the heat conduction in FePS3,
the system can be described by the heat equation [78, 127]:

C
d∆T

dt
+ 1

R
∆T = Pωe iωt , (11.2)

where C is the heat capacity, R the thermal resistance, t the time, and Pω the heat flux.
Far below the resonance frequency ω = 2π f0, the amplitude of the membrane motion
z = zωe iωt is directly related to the temperature change z = A∆T , such that:

zω = APωR
1− iωt

1+ω2τ2 , (11.3)

where A is the proportionality constant related to the thermal expansion coefficient, and
τ= RC the thermal time constant.

We measure zω of the FePS3 membrane as a function of frequency and temperature
from 52 to 150 K, that is well below and above the phase transition temperature TN. In
Fig. 11.2d, we plot the measured real and imaginary component of zω at T = 108 K as the
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example of typical experimental data. All parasitic electrical and optical phase shifts are
measured by directly pointing the blue laser at the photodetector and are eliminated by
correcting the experimental results using the measured transmission function [78, 127].
We then fit the measured data to the model of Eq. 11.3. A notable peak in imaginary am-
plitude is observed at ωc = 2π×240 kHz. This observation is a consequence of Eq. 11.3,
that has a maximum in its imaginary part at a cut-off frequency ωc = 1

τ . Thus, from ωc

of the measured peak in imaginary amplitude zω we extract the corresponding τ(T ). We
plot the experimentally measured τ(T ) in Fig. 11.2e. A drastic increase in τ of nearly an
order of magnitude is visible as the membrane is heated across the TN. Since many of the
thermodynamic properties of FePS3 abruptly change at TN, it is of interest to investigate
how these changes can account for the large change in τ.

As derived by Aubin [19, 312] and later experimentally verified for different 2D ma-
terial membranes by Dolleman et al [78, 127], the thermal time constant for a uniformly
heated circular membrane is given by:

τ= r 2ρcv

2.40482k
, (11.4)

where r = 3 µm is the membrane radius, and k the thermal conductivity of the material.
To validate our experimental observation, we take literature values cv(T ) and k(T ) mea-
sured for bulk FePS3 [227, 311], as shown in Fig. 11.3a, and plot the model of Eq. 11.4
together with the measured τ(T ) in Fig. 11.3b. We obtain a remarkable quantitative cor-
respondence between the model and the experiment. We also note that the experimen-
tal peak in τ of the thin membrane is somewhat lower than the model value based on
bulk properties. The most likely explanation for this discrepancy is the effect of thermal
strain accumulated in the membrane, as TN shifts to lower values as a function of strain
in FePS3 (see Chapter 6). Another less probable reason for this observation can be the
thickness dependence of TN that is disputed in this compound [45, 313].

The observed large change in τ confirms the hypothesis that Γ(ω,τ) has a strong
temperature dependence and a significant effect on the Q−1

TED. We thus use E = 103
GPa, ν = 0.304 and ρ = 3375 kg m−3 [59], literature values for cv(T ) and k(T ) [227, 311]
from Fig. 11.3a, together with measured ω= 2π f0(T ) and αL(T ) of the FePS3 membrane
from Fig. 11.3c (see Chapter 6 for methods) and the experimentally measured τ(T ) from
Fig 11.3b to calculate Q−1

TED(T ) using Eq. 11.1. The resulting calculation fits the exper-
imental data well with the pre-factor µ = 8.4

( 1+ν
1−2ν

)
, as shown by the magenta points

in Fig. 11.3d. The good correspondence in Fig. 11.3d provides qualitative evidence that
thermodynamic damping, and its dependence on the thermal time constant, plays a sig-
nificant role in determining the Q-factor of magnetic membranes near the phase transi-
tion. The proportionality coefficient of 8.4 to µ from the circular plate model of Sun and
Saka [307] suggests that the obtained values are reasonable, although more elaborate
models to derive Eq. 11.1 in the membrane limit will be needed for further quantitative
interpretation of the value of the pre-factor µ [308–310].

11.2. OUTLOOK
The strong relation of the quality factor of magnetic membranes to their thermodynamic
material properties opens up interesting directions for further study. In future, when the
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full equation for Q−1
TED, including the exact solution for pre-factorµ, is established for cir-

cular membranes under tension, a comprehensive thermal characterisation of the mea-
sured material can be carried out using a single type of measurement by analysing f0(T )
and Q−1(T ). This contrasts to other methods that are currently available where thermal
and mechanical characterisation is usually performed by two separate experiments [78,
79, 127].

In addition to that, the relation of τ to the the thermal conductivity k may bring new
knowledge about coupling between magnetic and thermal properties of layered ultra-
thin van der Waals magnets. This is particularly interesting in materials that become
anisotropic in the magnetic state, like FePS3 and CoPS3 (see Chapter 10). Due to the
structural distortion and resulting anisotropy at T < TN these materials may also exhibit
anisotropic in-plane k, that may affect the τ of rectangular membranes and bridges as a
function of angle to crystalline axes, consequently also affecting the measured Q.

Finally, an important factor is that all the presented methods are applicable to ultra-
thin membrane thicknesses and thus can be applied to thermally characterise thin 2D
materials down to the single atom limit [78, 127], including those that exhibit various
phase transitions. Understanding the thermal transport in 2D compounds is important
as it may lead to high-performance applications [305, 306]. By utilizing 2D materials with
specific properties one can establish new heat management and control options. In par-
ticular, the use of magnetic ultrathin 2D membranes may in the future lead to magnetic
field control of thermal properties and mechanical dissipation in membranes and res-
onators of this kind. Also, since 2D materials can be stacked to form heterostructures
[30, 42], in the future this could be utilized to artificially create materials of desired ther-
mal and functional properties [314]. Thus, we anticipate that the presented methods can
help to understand complex thermal transport in 2D material heterostructures [314] for
various electronic device concepts, nanoelectromechanical systems and sensors.





12
ELECTRONIC SECOND-ORDER

PHASE TRANSITIONS PROBED BY

NANOMECHANICS

The relation between resonance frequency of membrane resonators and its specific heat
has a general thermodynamic nature. The nanomechanical detection scheme presented
in Chapter 6 is thus not limited to magnetic materials, and can therefore also be applied to
electronic second-order phase transition systems, such as the charge density wave (CDW)
materials. The CDW state in van der Waals systems shows interesting scaling phenomena
as the number of layers can significantly affect the CDW transition temperature, TCDW.
However, it is often difficult to use conventional methods to study the phase transition in
these systems due to their small size and sensitivity to degradation. In this chapter, we
probe the CDW phase transition by the mechanical resonances of suspended 2H-TaS2 and
2H-TaSe2 membranes. Materials show the transition near the reported literature values of
75 K and 122 K, respectively. We discuss the potential of using nanomechanical resonance
to characterize the CDW and other electronic phase transitions in suspended 2D materials.

Parts of this chapter have been published in Applied Physics Letters 118, 19, 193105 (2021) and Nature Commu-
nications 11, 2698 (2020) by Makars Šiškins, Martin Lee, Samuel Mañas-Valero, Eugenio Coronado, Yaroslav M.
Blanter, Herre S. J. van der Zant and Peter G. Steeneken
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T He charge density wave (CDW) state in van der Waals (vdW) materials has recently
become a resurgent area of research. Recent works on surprising and unexpected

layer dependence and degradation effects on superconductivity (SC) and CDW in sys-
tems such as 2H-NbSe2, 2H-TaS2, and 2H-TaSe2 have revived interest in studying their
phase transitions [36, 315, 316]. For example, the superconducting transition tempera-
ture TSC of 2H-NbSe2 is decreased from 7.2 K in the bulk to 3 K in the monolayer limit,
while the CDW transition temperature TCDW is increased [317] from 33 K to 145 K. More
surprisingly, the 2H-TaS2 has a TSC of 0.6 K in the bulk which increases to 3 K in a mono-
layer [36, 315] and a TCDW of 75 K which also increases to 140 K [318]. Similar scaling is
seen for TSC in 2H-TaSe2 [319]. It is an ongoing challenge to clarify these contradicting
layer dependencies in order to shine light on the competition between CDW and SC in
these materials.

The CDW transition, like other first and second order phase transitions, can be de-
scribed by Landau’s theory of phase transitions [105, 106], where the emergence of charge
order gives rise to a sudden change in the specific heat. Measurement of the specific heat
anomaly to probe the phase transition, however, is challenging for ultrathin exfoliated
2D material flakes using traditional methods. Recent works on using nanomechanical
resonance to extract various phase transitions including structural, magnetic (also see
Chapter 6), and electronic phase transitions have shown to provide a promising alterna-
tive [2, 41, 57, 67].

In this work, we study the CDW transitions of suspended 2H-TaS2 and 2H-TaSe2

flakes by tracking the temperature dependence of their nanomechanical resonance fre-
quency. The resonance frequency of suspended pristine 2H-TaS2 and 2H-TaSe2 flakes
shows an anomaly at the phase transition temperatures of 75 K and 122 K, respectively.
We then discuss the results and provide the outlook for this technique as a probe to study
the effect of degradation on the TCDW in these compounds.

12.1. RESULTS AND DISCUSSION

12.1.1. RELATION OF RESONANCE FREQUENCY TO ELECTRONIC ORDER
The anomalous discontinuity in specific heat at the second-order phase transition tem-
perature and its relation to the resonance frequency is a consequence of thermodynamic
relations and thus can be described also for a specific case of the normal—CDW phase
transition by applying Landau theory of second-order phase transitions [105, 106]. The
Landau free energy can be written for CDW transitions as:

F = F0 +a(T −TCDW)ψ2 +Bψ4, (12.1)

where F0 is the temperature-dependent free energy of the normal state, ψ is the order
parameter, and a and B are phenomenological positive constants. Minimizing the above
equation with respect to ψ (i.e., ∂F /∂ψ= 0) gives the CDW order parameter,

ψ=
√

−a(T −TCDW)

2B
, (12.2)

and a minimum free energy Fmin = F0 − a2

4B (T −TCDW)2. Using the relation for the spe-

cific heat at constant pressure, cp(T ) =−T [ ∂
2F
∂T 2 ]p and by substituting the expression for
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Fmin into Eq. 12.1, the magnitude of the jump in the specific heat at the phase transition

can be derived as∆cp = a2TCDW
2B . The relationship between the membrane resonance fre-

quency f0(T ) of a circular membrane under thermal strain, with cp(T ) ' cv(T ), can be
described by

f0(T ) = 2.4048

πd

√
E

ρ

ε(T )

(1−ν)
, (12.3)

where d is the membrane diameter, E is the Young’s modulus, ρ is the density, ν is the
Poisson’s ratio, and ε(T ) is the temperature-dependent biaxial strain. The thermal strain
accumulated in the membrane is a result of the linear thermal expansion coefficient of
the membrane α, that is related to specific heat as: −dε(T )

dT ∝ α(T ) ∝ cv(T ). Thus the
abrupt change in the specific heat results in a jump in a derivative of the square of the

frequency in Eq. 12.3: ∆
d( f 2

0 (T ))
dT ∝ ∆cv(T ). Detailed discussion on this relation can be

found in Chapter 6. Through this relation, we can probe the TCDW from determining the

discontinuity in
d( f 2

0 (T ))
dT .

12.1.2. PROBING CHARGE DENSITY WAVE TRANSITION IN 2H-TAS2
In order to demonstrate the detection of a charge density wave transition, we now dis-
cuss results for 2H-TaS2 that in bulk exhibits a CDW transition at TCDW ∼ 77 K [320].
Figure 12.1a shows a transition-related anomaly in both f0(T ) (solid blue line) and the
temperature derivative of f 2

0 (T ) (solid magenta line) that peaks at 75 ± 3 K. We con-

vert
d( f 2

0 (T ))
dT to the corresponding cv(T ) using the same approach as discussed before

in Chapter 6 (see Eq. 6.2). We use reported values of E2D = 87 N m−1 and ν = 0.27 for a
monolayer of 1H-TaS2 obtained from molecular dynamics simulations [122] and mass
density ρ = 6110 kg m−3. We find the corresponding E = E2D/t = 149 GPa, taking the
interlayer spacing t = 0.58 nm.
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Figure 12.1: Mechanical properties of a 2H-TaS2 resonator with membrane thickness of 31.2±0.6 nm and d = 4
µm. a Solid blue line - resonance frequency as a function of temperature. Solid magenta line - temperature
derivative of f 2

0 . b Solid blue line - experimentally derived cv and thermal expansion coefficient as a function
of temperature. Solid magenta line - specific heat of bulk 2H-TaS2 as reported in Abdel-Hafiez et al. [320].
Inset: optical image of the sample. Scale bar: 20 µm. Dashed vertical line in (a) and (b) indicates the detected

TCDW, that is defined by the peak in
d( f 2

0 (T ))
dT . c Solid blue line - four-point resistance of the same sample. Solid

green line - 1
R

dR
dT plot showing the CDW related feature at TCDW (dashed vertical line).
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Figure 12.2: Mechanical dissipation of a 2H-TaS2 resonator. Dashed vertical lines in the panels indicate the
transition temperature, TCDW. a Quality factor Q(T ) as a function of temperature. b Solid orange line - mea-
sured mechanical damping Q−1(T ) as a function of temperature. Solid blue line - curve proportional to the
term cv(T )T [228, 229] (see Chapter 6), with cv(T ) taken from the experimental data in Fig. 12.1b.

The estimated specific heat of the 2H-TaS2 membrane is depicted in Fig. 12.1b (solid
blue line). Figure 12.1b shows a downward step in the specific heat at 75 K (solid blue
line), indicative of a phase transition from the CDW to the disordered high-temperature
state [106, 119] with a good correspondence to cv measured in a bulk crystal [320] (drawn
magenta line). It indicates that it is the anomaly in cv of 2H-TaS2 which produces the
most dominant of the observed changes in resonance frequency and the large peak in
d( f 2

0 )
dT visible in Fig. 6.2a. The changes in the Young’s modulus near the CDW phase tran-

sition can be of the order of a couple of percent [40, 41] but they alone cannot explain
the observed trend and thus are less significant [67, 124].

The four-probe resistance was measured on the same flake to confirm the existence
of a CDW transition using a conventional electronic based method as shown in Fig. 12.1c.
A small kink in 1

R
dR
dT is observed in the electrical data shown in Fig. 12.1c at ∼ 77 K. The

anomaly in cv occurs near the electrically determined phase transition temperature of
∼ 77 K on the same flake and is also consistent with the CDW transition temperature
previously reported in 2H-TaS2 [320].

The Q-factor also shows a local minimum with a drop next to the transition temper-
ature, as we shown in Fig. 12.2a. Due to the thermoelastic damping [228, 229] (see Chap-
ters 6 and 11), Q−1(T ) is expected to follow the same trend as cv(T )T if the material’s
thermal conductivity contribution is either negligible or weakly temperature dependent.
Both these quantities are displayed in Fig. 12.2b and indeed show a good qualitative cor-
respondence.

12.1.3. CHARGE DENSITY WAVE TRANSITION IN 2H-TASE2
We also demonstrate that the nanomechanical detection scheme is applicable to other
CDW materials [41, 101] by probing TCDW of 2H-TaSe2. We fabricated a membrane of
2H-TaSe2 that is also contacted electrically, as displayed in Fig 12.3a. The solid green
line in Fig. 12.3b shows the specific heat-related temperature derivative of f 2

0 that reveals
a clear peak at TCDW ∼ 122 K. We also have measured the four-probe resistance on the
same flake and confirm the existence of a CDW transition as shown in Fig. 12.3c. The
expected characteristic kink in the resistance is visible at ∼ 124 K, consistent with the
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CDW transition temperature previously reported in 2H-TaSe2 [319].

2H-TaSe2

a cb

Figure 12.3: Mechanical properties of a 2H-TaSe2 resonator with membrane thickness of 23.3±0.5 nm, d = 10
µm.a Optical image of the sample. Scale bar: 40 µm. b Solid blue line - resonance frequency as a function of
temperature. Solid green line - temperature derivative of f 2

0 . c Solid magenta line - four-point resistance of the

same sample. Solid brown line - dR
dT plot showing the CDW related feature near TCDW. Dashed vertical lines in

panels (b) and (c) indicate the corresponding detected transition temperatures, TCDW.

12.2. OUTLOOK
In this work, we studied the effect of electronic second-order phase transitions on nanome-
chanics. We have probed CDW transitions in the archetypal vdW systems 2H-TaS2 and
2H-TaSe2, by using the resonance frequency of suspended membranes. The tempera-
ture dependence of the resonance frequency can be translated into the specific heat,
which shows an anomaly at the phase transition temperature. As the CDW state in
van der Waals systems shows interesting scaling phenomena with the number of layers,
we anticipate that the nanomechanical resonance is a powerful tool to study the CDW
transitions in ultrathin-suspended vdW materials complementary to the temperature-
dependent electronic transport [315].

Another matter is that the degradation in air is an important parameter, which has
been shown to greatly influence the superconductivity in layered systems [316]. Since
the CDW state competes with the onset of superconductivity, it is expected that TCDW

will also be affected by the degradation. In other published work of ours [124], we stud-
ied the effect of degradation on 2H-TaS2 using the mechanical resonance. We observed
a significant enhancement of TCDW up to 129 K after degradation in ambient air. We also
studied a sample with local degradation and observe that multiple phase transitions oc-
cur with a hysteresis in temperature in the same membrane* [124]. We note that it shows
the potential of using nanomechanical resonance to characterize the CDW in suspended
2D materials even in the degraded state and demonstrates that the degradation can have
a large effect on transition temperatures. Compared to electrical transport methods, the
advantage of nanomechanical probing of phase transitions is that they probe a weighted
average of the material properties over the suspended area of the membrane. In contrast,
electrical methods measure the properties over the path along current flows, which in
the case of material non-uniformities (e.g. low resistance areas, or high contact resis-
tances) might not reflect the average material properties as well.

*This work will be discussed in details in the Ph.D. thesis of Lee, M., TU Delft.
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Furthermore, we believe that the method described in this chapter is applicable also
to other types of electric phase transitions in ultra-thin layers, such as ferroelectricity
and superconductivity as both of these exhibit discontinuities in cv at the Tc [2, 320,
321]. It is particularly attractive for 2D superconductors of extreme sensitivity in air, like
BSCCO [322], where the degradation of the crystal in air has an effect on the transition
temperature [316, 322]. Detecting the change in the resonance frequency could be an
alternative non-invasive way to probe superconductivity by utilizing the specific heat
and thermal expansion coefficient anomalies in these compounds [323, 324].



13
CONCLUSION

In this thesis we discussed a wide variety of topics, including nanomechanical character-
isation methods, material properties and applications of 2D material membranes. This
concluding chapter provides a summary of the results with final remarks and interpreta-
tion. Here, we share our vision for the results obtained, the feasibility of their technical
implications for society, and impact on the research community.
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T HIS work gave an overview of the studies I carried out in the period of four years to
elucidate the properties of two-dimensional materials (2D) and enable a wide range

of electronic and mechanical devices. First, we described novel methods for studies of
2D material membranes that can be used as probes for various material and thermo-
dynamic effects. Next, we discussed the mechanical properties of membranes ranging
from graphene layers, notable for their properties, to more complex anisotropic mem-
branes of As2S3 to the complex dynamics of membranes influenced by physical phe-
nomena. We now reflect on the information we have gained from the experiments and
present our vision of how it might affect valorization and commercial applications of
these membranes, and discuss the role of dynamics and its potential impact on future
nanomechanical experiments.

Intuitively, out of all 2D material membranes considered in this thesis, graphene-
based membranes are the simplest from a mechanical perspective but, as a consequence,
the most well-understood and thus also the closest to realize commercialization. In
Chapter 4, we showed that CVD-grown graphene sheets could be used to fabricate ar-
rays of freestanding 2D material membranes in mm2 scales. The high flexibility, imper-
meability, and strength of graphene membranes are key properties that facilitated such
fabrication and enabled us to use these as nanomechanical sensors. We realized highly
sensitive capacitive pressure sensors out of nearly ten thousand stacked double-layer
graphene membranes. These sensors have shown to outperform commercial sensors
with state-of-the-art responsivity while readout using a low-cost battery-powered circuit
board, which is beneficial for further integration of such chips to smart devices [6].

Interesting implementations arise also for structurally anisotropic membranes. In
Chapter 5, we for the first time isolated anisotropic 2D layers of As2S3. We showed that
the anisotropy in Young’s modulus of As2S3 is close to that of black phosphorus, which
is currently known to have the largest in-plane stiffness ratio among 2D crystals [25].
These mechanical properties make As2S3 an interesting alternative to black phosphorus
for applications in flexible strain-dependent optoelectronic devices [185], as well as for
the research of anisotropic nonlinear mechanics in the 2D limit [5]. We also believe that,
due to its high flexibility [117, 211, 212, 325], promising piezoelectic [326], thermoelec-
tric [327] and optoelectronic properties [201, 209], As2S3 has perspectives to become an
interesting candidate material for applications in flexible electronics [187, 188, 326, 327].

Perhaps, the most central matters risen in this work revolve around the idea that
nanomechanical resonators can be used as a useful tool to probe condensed matter
physics. Chapter 6 presented initial evidence of the detection of second-order phase
transitions and thermodynamic phenomena in van der Waals material membranes. We
have demonstrated a strong coupling between mechanical motion and order in ultrathin
membranes of 2D materials. This interrelation is of universal thermodynamic nature
and is not limited to specific materials only, as we demonstrated by studying different
phases of magnetic systems in Chapters 7, 8 and 9, and electronic charge density wave
transitions in Chapter 12. We derived an analytical equation for the relation between
the specific heat of the material and the temperature-dependent resonance frequency.
This shows the potential of membrane resonators for probing non-mechanical effects in
a large range of van der Waals materials and correlated systems [30, 42, 124], such as 2D
ferromagnets [57], thin 2D complex oxide sheets [2, 234] and organic antiferromagnets
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[64].

First and foremost, the presented measurements and methodologies open up pos-
sibilities to investigate magnetic and electronic properties near the monolayer 2D limit.
Membranes made of a single 2D material would exclude interlayer interactions, allowing
to study 2D Ising antiferromagnets [45] and ferromagnetism in 2D atomic layers [46, 47].
In addition to that, the approach presented in Chapter 10 allows to access to the mag-
netic order parameter through purely nanomechanical methods even in the absence of
an external magnetic field. Since only a few methods are available to study critical phe-
nomena in magnetic 2D materials [42, 45–47], mechanical resonance methods can serve
as a powerful noninvasive tool to probe condensed matter phenomena related to order-
ing mechanisms in 2D even in materials that couple weakly to conventional magnetic,
electronic, or optical probes. In addition, preliminary results in Chapter 11 show that fo-
cused studies of the mechanical dissipation in such 2D material membranes as a func-
tion of temperature, accessible with the same measurement technique, could provide
insights into thermodynamics and heat transport in these layers [67, 78, 79].

Secondly, we showed that the transition temperatures in magnetic 2D material mem-
branes could be tuned by applying the electrostatic force with the gate electrode voltage,
thus straining the membranes. In Chapter 6, we demonstrated that by following this
approach TN in FePS3 could be reduced by at least 6 K. At the same time, TC of ferromag-
netic CGT can be enhanced using the same method. Nanomechanical strain thus offers
a compelling degree of freedom to control magnetic ordering in 2D layered compounds
[90]. We anticipate that these studies in the future will lead to the development of mem-
brane devices with gate-controlled magnetic actuation [293] and low-power spintronic
implementations.

Fundamental studies of this kind are essential to identify material systems and phys-
ical phenomena, that can serve people by being utilized for new data processing con-
cepts. For instance, in Chapter 7 we have demonstrated a gate voltage dependent mech-
anism that mediates strong coupling between spatially separated membranes made of
antiferromagnetic FePS3 and MnPS3. This coupling mechanism can enable bit-by-bit
communication as well as switched on and tuned by an electrostatic gate. In addition,
mechanical dissipation near the phase transition of antiferromagnetic material mem-
branes can affect the coupling strength of such a mechanism. All these parameters, that
can be tuned by temperature, electrostatic gate or other mechanical means, provide con-
trol advantages that can find use in the development of new device concepts, such as
nanomechanical logic gates [74–76].

Finally, new functionalities and phenomena will become available in unique types of
magnetic and electronic phases in these layers, including those produced by interlayer
magnetic interactions in 2D magnetic heterostructures [42, 57, 292, 328–330] and exotic
electronic phases, like magic-angle induced superconductivity and ferromagnetism in
twisted-bilayer graphene [225, 226]. As shown in Chapter 9, the presented methodolo-
gies are sensitive even to multiple phase transitions that occur in different layers that
compose a heterostructure, that we demonstrated by simultaneous probing both TN of
FePS3 and TC of CGT a single CGT/FePS3 device. Thus, we anticipate that mechanical
resonance could be specifically sensitive to the manifestation of strongly correlated phe-
nomena due to the interlayer coupling of different nature in twistronics [90, 331].
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Another promising direction for the nanomechanical community to follow is to di-
rect attention to the electrostatic capacitive softening contribution to the resonance fre-
quency at small gate voltages, described in Chapters 3, 6, 7 and 8. At the premature
assessment, this dependence of resonance frequency on the capacitance of the mem-
brane device seems not too useful. However, in many low-dimensional systems, such as
graphene, the membrane electrode cannot effectively screen the electric field due to its
low density of states. Instead, quantum capacitance, which is directly related to the den-
sity of states of the material, manifests itself as an additional capacitance component in
series with geometrical device capacitance [174]. This establishes a crucial relation be-
tween the resonance frequency of a resonator and the density of states of the material
[86, 104]. Such relation allows studies of condensed matter physics and quantum phe-
nomena in low-dimensional systems using nanomechanical resonators [86, 104]. More-
over, this principle is not limited only to charge carrier transport phenomena. The ability
of graphene to hybridize its electronic state with that from other 2D materials allows to
study, for instance, magnetic states in 2D ferromagnets [332].

Eventually, the bridge between nanomechanics and condensed matter physics should
be established much more capaciously and thoroughly. Mechanics is not so much a
classic branch of physics and engineering as is commonly believed. Yes, many nanome-
chanical resonators made of 2D materials behave like membranes made of ordinary,
conventional materials and differ little from membranes used, for example, in a musical
instrument. However, this presumption is not universally valid. Many other 2D material
membranes are not classical and intuitive resonators. In many ways, their movement
and tension depend on physical processes and phenomena of a higher complexity oc-
curring at a more fundamental level. Therefore, we should cease thinking of freestanding
2D materials as purely mechanical systems and question from the perspective of con-
densed matter physics. What happens to the dissipation of energy in low dimensions
[80]? How do the distinctive thermodynamic properties of 2D materials affect the move-
ment of membranes [78, 79, 127]? Can we couple complex strongly correlated phases
to the resonant mechanical motion [225, 226]? Is strain really a versatile knob to con-
trol various magnetic and electronic phases [57, 67, 124]? How about generating spin
currents [251] from dynamic strain modulation [83]? Can we also tweak the quantum
effects utilizing tension [86, 104]? And what about pseudo-magnetic fields at critically
high tensions [333]? Each of these questions can establish a separate research direc-
tion that may lead to a better understanding of thermodynamics, quantum phenomena,
and ordering mechanisms in two dimensions. One important step toward studying the
deviations between classical membrane physics and nanomechanics will also lie into re-
producible fabrication of highly uniform 2D material membranes. Of course, it may also
lead to novel device concepts. Thus, working on this frontier we can contribute to so-
ciety by foreseeing future challenges of technological advances and proposing concepts
that could help to timely solve these.
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стараюсь найти хороший ответ на твой вопрос: “А после того, как ты станешь
физиком, чем ты собираешься заниматься в жизни?” (Смеюсь.) Видимо пока
что я буду становится физиком дальше. Спасибо тебе за твое чувство юмора
и любовь к жизни, а так же здоровья тебе и долгих лет! Даша, спасибо тебе
- самой лучшей в мире сестре! Я желаю тебе получить магистерскую степень,
удачи в твоих начинаниях в бизнесе, а так же счастья и успехов вместе с Сашей.

Спасибо всем Вам за Вашу выдержку, любовь и заботу. Эта книга и весь мой
труд не был бы возможен без Вашей поддержки и напутствий. Эту диссертацию
я посвящаю Вам и всей нашей семье.

Makars Šiškins
Riga, September 2021
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